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Abstract
This study is aimed at the determination of the activity concentrations of naturally 
occuring and technically enhanced levels of radiation in 129 soil samples collected 
across the landscape of the State of Qatar. The State of Qatar is a peninsula with a total 
area of 11,437 km  ^ which lies over a geological formation comprising a sequence of 
limestone, dolomite, chalk, clay and gypsum. This work aims to establish the first 
baseline measurements for radioactivity concentration in the soil and (Saudi and Qatari) 
building materials collected from the Qatari an peninsula. Representative samples from 
various locations across the Qatarian peninsula have been collected and analysed in 
order to establish activity concentrations associated with the and ^^ ^Th natural
decay chains, the long-lived naturally occurring radionuclide and the artificial man- 
made radionuclide ^^ ^Cs. The activity concentrations have been measured via high- 
resolution gamma-ray spectrometry using a hyper-pure germanium detector situated in a 
low-background environment with a copper inner-plated passive lead shield. A wide 
range of different gamma-ray energy transitions lines ranging from -100 keV up to 2.6 
MeV associated with decays from the decay products of the and ^^ ^Th decay
chains have been analyzed separately to obtain more statistically significant overall 
results, under the assumption of secular equilibrium of the radionuelides within these 
samples. Using this method, a signficant improvement can be obtained in the statistical 
uncertainty of the derived activity concentrations. Details of the sample preparation and 
the gamma-ray spectroscopic analysis techniques are presented. Four radiological maps 
showing the activity concentrations of ^^ ®Ra, ^^ ^Th, and ^^ C^s are presented. Five 
soil samples were found to be elevated in ^^ ^Ra concentrations. Two samples among the 
elevated samples were significantly above the average value. Notably, these samples 
were collected from an area contains an oil field (NW Dukhan). The weighted mean of 
the activity concentrations of ^^ ^Ra were found to be 201.93 ±1.54stat±12.9syst. and 342 
±1.9stat.±24.9syst. Bq/kg respectively in these samples. The mean values of activity 
concentration of ^^ ^Ra, ^^ ^Th, and for the full cohort of samples were found to be 
17.22 ±1.55, 6.38 ±0.26, and 169 ±5 Bq/kg respectively. These values lie within the 
expected range relative to the world average values in soil samples of 30, 35 and 400 
Bq/kg respectively. The mean value of activity concentration of *^ C^s was also 
measured and found to be comparable with other published data. The mean value of 
gamma dose rate (D), the radium equivalent (Ra^q), the external hazard index (Hex) and 
annual effective dose equivalent (AEDE) for the complete set of samples were all below 
the published maximal admissible values and indicate that the State of Qatar can be 
regarded as having normal levels of natural background radiation. The values of gamma 
dose rate obtained for samples no. X228 and 29-X228 were both found to be higher than 
the permissible value which is 51 nGy/h. They were 92.82 ±6.72stat.±10.23systeniatic and 
160.27± 11.51stat.±18.1syst. nGy/h respectively. The value of the radium equivalent (Ra^q) 
in these two samples was found to be just below the permissible value of Ra^ q of 370 
Bq/kg, which corresponds to an annual effective dose of 1 mSv. It was around 367.52 
±26.40stat ±41.51syst nGy/h. It can be concluded that the measured level of the natural 
radiation background in the present study show that the areas studied have normal levels 
of background radiation, with exception of these two areas. The measured level of 
natural radioactivity in the present study for the Saudi and Qatari building materials 
from the 20 investigated samples used in the State of Qatar is lower than other published 
data and lies within the world ranges for building materials of 50, 50 and 500 (Bq/kg) 
for ^^ ^Ra, ^^ ^Th and respectively. The gamma dose rate, the radium equivalent
(Raeq), the external and internal hazard indices (Hex and Hint) and annual effective dose 
equivalent (AEDE) which were determined for each of the samples indicate that the 
State of Qatar can be regarded as having normal levels of natural background radiation.
Email: h.al-sulaiti @ .surrev.ac.uk: hasulaiti@moe.gov.qa
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Chapter 1 Research Overview
1.1 Overview and Motivation
Traces of radionuclides are found in water, air, soil and human bodies. We inhale and ingest 
radionuclides every day of our lives and radioactive material has been ubiquitous on earth 
since its creation. The presence of natural radioactivity in soil results in internal and external 
exposure to humans. Radioactive elements which can be found in nature are generally 
categorized in two distinct families, namely of arising from either ‘Cosmogenic’ or 
‘Terrestrial’ Origin [1]. The most commonly encountered radionuclides that irradiate the 
human body through external exposure (primarily by gamma radiation) are and ^^^Th 
and their subsequent radioactive decay products and [2].
To the author’s best knowledge, there is currently no peer reviewed, published literature on 
the level of environmental, naturally occurring radioactivity in the State of Qatar. A baseline 
value for the radioactivity concentration in Qatarian soil has not yet been established to date. 
Measurements of the levels of natural background level of the radioactivity from and 
^^^Th (and their decay progeny), the activities from the primordial radionuclide and the 
artificially created fission product ^^^Cs are essential parameters with which to determine the 
natural radioactivity concentration levels and their behaviour in the environment. Such data 
can be used to assess the biological effect of natural radiation in the environment and detect 
any significant future artificial release of radioactive radionuclides [3].
Since individuals typically spend 80 percent of their time indoors, knowledge of the natural 
radioactivity levels in dwellings due to construction materials is an important issue in the 
assessment of overall human exposure to natural radiation associated with ^^^Ra and ^^^Th 
(and their decay progeny) and [4] [2]. Such studies are also used to set national standards 
in the light of global recommendations. On the national level, this research will contribute to 
the establishment of Qatarian national standards for the levels of natural radioactivities in
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building materials by determining the Gamma Dose Rate (D), Radium Equivalent (Raeq), 
External Hazard Index (Hex), Internal Hazard Index (Hi„), and Annual Effective Dose 
Equivalent (AEDE) for individuals living in domestic dwellings and also at the workplace.
1.2 Aims
This research aims to achieve two main objectives. The first is to measure the level and 
character of environmental natural occurring radioactive materials in the Qatarian soil. This 
will establish a baseline map of radioactivity concentration levels in Qatar's soil and 
determine the Gamma Dose Rate (D), Radium Equivalent (Raeq), External Hazard Index 
(Hex), and Annual Effective Dose Equivalent (AEDE) for individuals living in Qatar. 
Secondly, the research aims to measure the activity concentration in prime construction 
materials used in Qatar and use these values to assess the external annual dose for individuals 
living in those dwellings.
1.3 Work Plan
The tasks performed in the undertaking of this research are summarized in the following 
work plan:
A. Samples of soil were collected from areas located at regular interval of 1:10 km^ 
throughout the State of Qatar.
B. Samples of building materials have been collected from factories, hardware stores, 
construction sites, and houses under construction in State of Qatar.
C. The samples have been prepared and stored in air-tight Marinelli beakers for about 40 
days, to allow for the radon radionuclides to come to equilibrium with its progeny.
D. The activity concentration (in Bq/kg) in the soil and building materials has been 
calculated using a PC based high purity Germanium (HPGe), and the GF3 program in the 
RADWARE analysis suite [5].
E. A baseline map of radioactivity concentration levels has been established using arcview 
mapping software [6].
F. Gamma Dose Rate (D), Radium Equivalent ( R a e q ) ,  External Hazard Index ( H e x )  and 
Annual Effective Dose Equivalent (AEDE) estimates of individuals living in Qatar have been 
calculated, and the results plotted by location.
G. The excess cancer risks of individuals living in Qatar due to this external dose will be 
estimated.
The remainder of this chapter reviews the definition and early literature on the subject of 
NORM, listing areas with elevated NORM levels, and discusses existing literature on levels 
of NORM in soil in the Middle East and neighbouring countries. The rest of this thesis is 
presented as follows: Chapter 2 gives an introduction on the basis of natural radioactivity (the 
radioactive decay law, radioactive equilibrium, nuclear decay processes, decay Q-values, and 
beta-decay and gamma-ray decay selection rules will be discussed also in this chapter); The 
biological effects of low dose radiation will be discussed in Chapter 3; Chapter 4 describes 
the experimental techniques used in this study; Chapter 5 estimates the sources of uncertainty 
associated with the measurements made in order to quantify the combined standard 
uncertainty; Chapter 6 describes the sampling system followed in this study to collect the soil 
samples and explains the sampling preparation procedure; Chapter 7 describes the 
instrumentation used in the measurements and the efficiency and energy calibrations of the 
HPGe detector; the experimental results, together with the discussion are presented in 
Chapter 7; finally Chapter 8 completes this research with a brief conclusions from the 
current work.
1.4 What is NORM?
Naturally occurring radioactivity can be found in certain industrial materials like ores and 
minerals [7]. Various names have been assigned to such materials in the past; such as Low 
Specific Activity (LSA), and Technologically Enhanced Naturally Occurring Radioactive 
Materials (TENORM), but now are more generally described as simply "NORM", which 
refers to Naturally Occurring Radioactive Materials. The International Atomic Energy 
Agency (IAEA) defines NORM as “Radioactive materials containing no significant amounts 
of radionuclide other than naturally occurring radionuclides” [8]. Table 1.1 shows the typical 
activity concentrations in some commercial ores and minerals [9]. The radionuclides of 
particular interest are and ^^^Th and their decay progeny, and the primordial
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radionuclide P. Shaw considered soil which contains activity concentrations significantly 
higher than those in ordinary soil that has normal background levels as a NORM (see Table
1.1) [10]. Other authors consider soil with elevated levels of activity concentration as sources 
of natural radiation (see reference [10] for example). Since the elevated level of activity 
concentration in soil in some parts of the world may require taking action to protect humans 
living in dwellings built on these areas, soil with elevated levels of activity concentrations 
can be considered as NORM which requires the authorities to recommend precautions for 
health protection reasons.
There are some human activities which can enhance radioactivity from NORM indirectly, 
such as the use of building materials that contain elevated levels of activity concentration in 
building dwellings and workplace [11].
Table 1.1: The typical world average activity concentrations of and ^^^Th in some 
commercial ores and minerals, taken from reference [9].
Type of naturally occurring radioactive material Activity concentration (Bq/kg)
2 3 8 y
Phosphate rock 100 1500
Rutile 200 200
Zircon 600 3000
Baddeleyite 1000 10000
Pyrochlore 80000 10000
Monazite 300000 40000
Soil 40 40
Dmenite 1000 2000
The IAEA concluded that it is not necessary to apply regulatory control for activity 
concentrations below 1 Bq/g. Indeed, if the activity concentrations are at this level or even 
above, activity may still be exempt from regulatory controls if occupational exposure is 
found to be less than 1 mSv/y [12]. The global effective dose rate of public exposure from 
soil with weighted mean activity concentrations of 30 Bq/kg, 35 Bq/kg, and 400 Bq/kg for 
238y^  232rj^  ^ggj 40g respectively is 0.460 mSv/y [2].
NORM occurs in minerals, coal, oil and gas, mineral sands and bauxite [13]. Mining and 
processing of ores to extract minerals can alter the radioactivity concentration of the 
products, by-products, residues and wastes of these materials [9]. Examples of bulk materials 
include: red mud (from bauxite processing) bricks [14]; sludge and scales (from oil and gas 
production) [13]; phosphate rocks [15]; and fertilizers [16]. Other products containing 
NORM include uranium glass, watch and clock dials [9]; clay bricks [17]; and glazed tiles 
[18]. Accumulation of by products produced from fossil fuels burning and metal refining can 
also lead directly to the production of NORM [7].
There are some activities which can enhance NORM levels indirectly, for example the reuse 
and disposal of industrial waste (e.g. phosphorgypsum, fly ash and mine tailing) [19]. This 
means that exposures to ionizing radiation from NORM are common and that every country 
has to deal with estimating the risk from exposure to ionizing radiation arising from NORM 
in some form.
1.5 Worldwide Areas with Elevated NORM
A review study on areas with elevated levels of NORM has been carried out by Sohrabi, in 
1997 [20]. This study concluded that elevations of NORM in different regions are mostly due 
to either "geological structure and geochemical movements of the radioactive materials in the 
soil, such as Morro de Ferro and Meaipe in Brazil" [21], Kerala coast in India [22, 23] and 
Yangjiang in China, where the origins of the elevated NORMs are due to monazite sands 
which are rich in thorium [24]. Most of these areas are considered as medium-level natural 
radiation areas (MLNRA), with an average dose rate to the public of 6.4 mGy/y in Meaipe 
[25]. However, Kerala in India is classified as high level natural radiation area (HLNRA) 
with an average dose rate exceeding 10 mGy /y [25]. In some areas in US such as Denver, 
CO, and Reading Prong, PA the radiation level was 10 time more then the usual 
concentration, being rich in uranium series radionuclides in the soil [26].
Other origins that may elevate the levels of natural radioactivity include phosphate deposits.
This type of NORM occurs for instance in Florida, USA [20]. The uraniferous granite and
alum shale distribution can also increase radiation exposure, not only within dwellings (as the
case in Sweden) but also in the outdoor area [27]. Using constmction materials rich in ^^^Ra
content (such as tailing from uranium mining) in areas for example Joachimstal in Czech
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Republic and Schlema, Schneeberg, and Saxony in Germany have been the main reason of 
indoor exposure due to very high levels of ^^^Rn [28]. Saxony has been classified as a very 
high level of natural radiation area [25].
Water rich in ^^^Ra and ^^^Rn from hot springs which flow in Badgastein in Austria [29], and 
Mahallat and Ramsar in Iran [30], has been found to cause elevation of exposure, as high as 
55 mSv/y for people working in the spa centres using the hot spring water for therapeutic 
purposes [20].
1.6 NORM in Soil in the Middle East and neighbouring 
Countries
The growing worldwide interest in estimating a baseline level of terrestrial gamma radiation 
is behind the extensive surveys undertaken in many countries. Estimation of the external 
exposure due to gamma-ray radiation is important because this may contribute significantly 
to the total annual individual dose. The doses can vary considerably depending on the 
and ^^^Th (and their daughter products) and concentrations present in the local geology 
[31,32], [33].
The literature on the levels of natural radiation from soil worldwide is rich; however, the 
number of studies made on countries in the Arabian Gulf remains somewhat limited by 
comparison.
The following section outlines some previous studies on the levels of natural radiation in soil 
samples from various countries around the Arabian Gulf and the Middle East.
Qatar
In 1978. a geostatistical study of gamma-ray radioactivity at some anomalous localities in 
Qatar Peninsula was undertaken by Geoterrex Ltd., Canada, as a subcontractor to Seltrust 
Engineering Ltd. (SEL) England, for the government of Qatar [34]. A reconnaissance 
airborne radiometric survey using super Canso aircraft, model CF-MIR was used for these 
measurements. This was equipped with a four-channel gamma-ray spectrometer (model 
DGRS-1000) manufactured by Exploranium, Canada. The detector was made from thalium- 
activiated sodium iodide, Nal(Tl) crystal with a size of over two thousand cubic inches. The
recorded gamma-ray energy peaks were at 2.62 MeV, 1.76 MeV and 1.46 MeV to identify 
decay series nuclei from the ^^^Tl decay, uranium decay series nuclei from the ^^%i 
decay and respectively. A set of 1994 readings of field measurements of gamma 
radioactivity in counts per second (cps) at twenty anomalous localities were recorded. The 
results showed an elevation in gamma-ray radioactivity ranging from 37 to 615 cps in some 
of the anomalous locations. The background radioactivity ranged between 8 and 18 cps. The 
study stated that:
“these radioactive anomalies are associated mainly with four different lithologies namely: 
sebkha deposites, depression silts, wadi (alluvial) deposits and lower Dam marly 
limestones. ”
The elevated levels were recorded in Dukhan’s sabkha (see Appendix C for soil description 
of sabkha deposits), followed by the costal sabkha at Al-dhakhira and Ras Laffan. The smdy 
correlated this elevation in gamma-ray radioactivity in these areas mainly to and its 
decay progenies. In particular the high values for ^^^Ra decay was explained by radium 
coprecipitating with strontium in the celestite crystal in the host material “sabkha deposits”, 
as the case in Dukhan locality [35]. The study stated that the most significant radioactive 
anomalies are located in the Dukhan inland sabkha and suggested further radiometric 
investigation in this specific area. Table 1.2 summarizes the computed statistics of the total 
count rate of gamma-ray radioactivity in the twenty anomalies. Figure 1.1 illustrated the 
localities in the State of Qatar.
Table 1.2: Statistic of total radioactivity measured at the anomalous localities in Qatar 
Peninsula, (table taken from[34]).
No. Locality Background material Anomalous
material
Statistics
N B.C. Max. X S
1 Fuwairet Simsima L.S. Sabkha deposits 39 10 37 21.92 6.94
2 Ras Laffan Simsima L.S. Sabkha deposits 160 9 107 34.75 21.17
3 A1 Khrais Simsima L.S. Depression silts 36 12 32 21.95 6.16
4 A1 Dhakhirah Beach sands Sabkha deposits 77 8 134 32.86 26.98
5 A1 Ugdah Simsima L.S. Depression silts 53 14 28 21.08 3.48
6 Fahahil Rus Limestone Wadi Deposits 58 18 52 31.21 8.27
7 Mekcinis Hofuf sands Lower Dam L. S. 42 12 21 16.34 2.26
8 Julayhah Aeolian sands Lower Dam L. S. 44 10 30 22.36 3.74
9 Kharrarah North Hofuf sands Lower Dam L. S. 88 15 36 25.56 4.44
10 Kharrarah South Hofuf sands Lower Dam L. S. 78 15 32 23.40 4.80
11 Dukhan, NW Beach sands Sabkha deposits 357 17 615 75.00 7.50
12 Dukhan, Central Beach sands Sabkha deposits 90 10 119 41.75 28.28
13 Dukhan, South Beach sands Sabkha deposits 227 15 237 56.28 39.05
14 A1 Nagash, SW Lower Dam L. S. Sandy sabkha 126 16 38 29.35 5.60
15 A1 Nagash, West Lower Dam L. S. Sandy sabkha 250 15 44 27.72 5.39
16 Wadi A1 Araej Aeolian sands Lower Dam L. S. 68 13 27 20.35 3.57
17 A1 Mushabiyah Aeolian sands Lower Dam L. S. 37 10 34 20.90 6.48
18 Hamr Aeolian sands Lower Dam L. S. 63 8 34 25.35 3.94
19 Ali Bin Said Aeolian sands Lower Dam L. S. 56 15 32 24.29 3.53
20 Sauda Nathil Aeolian sands Lower Dam L. S. 45 15 31 24.50 3.55
N = The total number of measurements
B.G. =The Background value of radioactivity, cps
Max = The maximum value of radioaetivity, cps
X = The arithmetic mean, cps 
S = The standard deviation, cps
Kuwait
A study undertaken in the Arabian Gulf on the levels of activity concentration of ^^ “Th, 
and ^^ ^Cs was conducted by Firyal Bou-Rabee at University of Kuwait [37]. The soil 
samples were collected from 5 cm depth to a surface layer of 100 cm from 83 locations
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across Kuwait. The samples were dried at llO^C, sieved through 12 mesh sieves, and filled in 
plastic Marinelli beakers. A HPGe detector was used to analyze the soil samples. The average 
activity concentrations were found to be 13.3, 10, 370, and 2.8 Bq/kg respectively (see Table
1.2). In 2003, after the 2"  ^ Gulf War another study was undertaken by H. R. Saad, at 
University of Kuwait on the sediments and their correlation to the costal structure in Kuwait. 
The results were comparable with the previous study of Bou-Rabee except for the ^^^U, and 
^^^Ra concentration in the north region of the coast, which were found to be significantly 
higher than the previous study (46-115 Bq/kg). The author suggested that this might be 
related to the deposition of volatile depleted uranium following the second Gulf war [38].
Oman
In 2001, a survey was conducted by Goddard on the levels of activity concentration in soil of 
Sultanate of Oman [39]. The soil samples were collected from 112 locations from the upper 1 
cm of exposed surface soil. Additional samples were collected from areas with greater 
population and geological interest. The samples were dried at 100°C for 24 hours, sieved 
through a 0.5 cm mesh, sealed in a 1 litre Marinelli beaker and analyzed using HPGe detector 
for 60,000 seconds each. The mean activity concentrations in Oman of ^^^Th, ^^^U, "^ K^, and 
^^ ^Cs were found to be 15.9 ±7.6, 29.7 ±8.9, 225 ±89, and 3.4 ±1.4 Bq/kg respectively, as 
reported in Table 1.2. Goddard found that the capital area, Muscat, had the highest average 
background dose rate, and explained that by the presence of shale and quartzite rocks in the 
geology formation of the area, both of which are rich in ^^^Ra, and ^^^Th [39].
Syria
In 1994, I. Othman and Yassine carried out the first study on natural radioactivity levels in 
the Syrian environment [40]. The study provided data on the average external gamma 
radiation exposure using Thermoluminance Dosimeters (TLD) and the levels of activity 
concentration in soil, groundwater and vegetables using a HPGe detector and low level a-p 
counters. The soil samples were collected from different parts of the country to a depth of 20 
cm. The soil samples were dried in accordance with IAEA standard procedures [41]. The 
drying temperature was about 110°C. A 2 mm sieve was used to sieve the samples, which 
were then placed in 1 litre Marinelli beakers and sealed. A standard source with the same 
geometry as used for the samples was used for efficiency calibration. The average activity
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concentration for ^^^Ra, and were found to be ranged between 10-40, 10-25, and 
100-400 Bq/kg respectively (see Table 1.2). The authors found that these values were 
correlated with the ambient gamma exposure levels which were determined using TLDs.
Jordan
Ibrahim F. Al-Hamameh and Awadallah determined the radioactivity concentration of 
^^^Ra, ^^^Th and in surface soil samples from various geological formations of the 
northern highlands of Jordan [42]. The surface samples were collected from 220 locations at 
5 cm depth using a stainless steel sampler. The samples were air-dried, crushed, passed 
through a 0.2 mm sieve, sealed in airtight plastic containers of volume 300 cm^ and measured 
by using a HPGe detector. The counting time was 24 h in order to achieve analytical 
precision of measurements of around ± 5%. The authors reported that the activity 
concentrations of Ra and U was found to show a wide variation in the investigated soil, 
while the concentrations of ^^^Th and were comparable with the world-wide average 
values reported by UNS GEAR, 2000 [2]. The highest activity concentrations of ^^^Ra and 
^^ ^U were found to be 1040 and 943.1 Bq/kg in Zarqa. These high values were explained as 
being due to the existence of an old phosphate mine in the region. Phosphate rock is known 
to have high levels of uranium content [43]. Excluding the regions where phosphate rocks 
exist, the mean values for activity concentrations of ^^^U, ^^^Ra, ^^^Th and were found to 
be 42 ±13, 49 ±15 and 27 ±9, 291 ±98 Bq/kg respectively. The results in this study were in 
agreement with data available in another study for Amman and Jerash [44]. Table 1.3 shows 
a comparison of average values of the activity concentration of ^^^U, ^^^Th, and in Bq/kg 
for some countries in the Arabian Peninsula, the Middle East and other regions.
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Table 1.3: A comparison of activity concentration levels in soil for ^^^Th, and in 
Bq/kg for some countries in the Arabian Gulf and the Middle East, with some other countries.
Country
Mean
Average values o f Activity concentration (Bq/kg)
238u 232j ^
Range Mean Range Mean Range
Ref
Qatar (current work 
Kuwait 13.3
9.4
10
204
370
[45]
[46]
Kuwait (north region) 66.57 46-115 11.27 3.3-17 384.47 78-492 [38]
Kuwait (south region) 13.57 4.4-22.2 2.37 1.6-5.6 110.37 40.5-209 [38]
Oman 29.7 15.9 225 [39]
Syria 10-40 10-25 100-400 [40]
Syria 23 10-64 20 10-32 270 87-780 [2]
Jordan 49 27 291 [42]
Jordan 24.2 487.9 [44]
Iran 28 8-55 22 5-42 640 250-980 [2]
Pakistan (Lahore) 2±8 49.2 561.6 [47]
Turkey (Firtina Valley) 11-188 10-105 105-1235 [48]
Turkey (Istanbul) 3-59 8-91 117-1204 [49]
Egypt (Southern Egypt) 5.00-23.68 1.86-10.09 292.81-659.57 [50]
Egypt 37 6-120 18 2-96 320 29-650 [2]
Algeria 30 2-110 25 2-140 370 66-1 150 [2]
Algeria 2-127 2-144 35-1405 [51]
India (Himachal Pradesh) 93.10 174.48 [52]
India 29 7-81 64 14-160 400 38-760 [2]
India (Himachal Pradesh) 57 42-80 82 53-106 136 95-160 [53]
Japan 29 2-59 28 2-88 310 15-990 [2]
China 33 2-690 41 1-360 440 9-1800 [2]
China 38.5 54.6 584 [54]
Thailand 114 3-370 51 7-120 230 7-712 [2]
Malaysia 66 49-86 82 63-110 310 170-430 [2]
Malaysia 58.8-484.8 59.6-1204 [55]
UK 2-330 1-180 0-3200 [2]
US 35 4-140 35 4-130 370 100-700 [2]
World-wide (Weighted 
mean value) 
World-wide (Median 
value)
33
35
45
30
420
400
[2]
[2]
* The weighted mean values were estimated from the preliminary values of the activity concentration.
1.7 NORM in Building Materials in the Middle East
Building materials are made of rock, soil and industrial by-products such as coal fly ash from 
power plants, phosphogypsum and certain slags. In addition to the naturally occurring
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radioactivity in the soil and rock, these building material additives also contain trace amounts 
of natural radionuclides.
The radionuclides present in building materials are responsible for external and internal 
radiation exposures of individuals living in dwellings which vary depending on the geology 
of the region and the geochemical characteristics of the building materials. Internal exposure 
arises following the inhalation of alpha particles emitted from the short-lived gaseous
radionuclides radon (^^^Rn, the daughter product of ^^ ”Ra) and thoron (^^"Rn, the daughter 
product of ^^ "^ Ra). External exposure is mainly due to gamma radiation from the natural 
radioactivity present in the building materials. This information also helps to assess the level 
of potential radiological hazard to humans caused by the use of specific building materials. 
Table 1.4 and Table 1.5 show a comparison of the average values of the activity 
concentration of ^^^Th, and in Bq/kg in building material samples for the current 
work, together with those obtained for some countries in the Arabian Peninsula, the Middle 
East and other regions.
Table 1.4: The published data of mean activity concentration and mean radium equivalent of 
Saudi and Qatari cement samples from the current work with those obtained in other Arabian 
countries in Bq/kg.
226 t /220t
Material No. of 
samples
Mean activity concentration (Bq/kg)
Mean ± S.D. 
Range
Mean ± S.D. 
Range
4Ü R
Mean ± S.D. 
Range
Mean Ra  ^
(Bq/kg)
Mean ± S.D.
Range
Saudi cement (current work) 4 23.5 ± 3 .6 8 .0+ 1 .7 8 1 + 3 40.6 + 7.4
[56]
(17-31) (4-11) (39-178)
Qatari cement (current work) 2 23.4 ± 0.6 12.2 + 0.2 158.8+4.3 52.35 + 1.13
[56]
(23-24) (12-13) (155-162) (51-53)
Cement (Lebanon, 2008) [57] - 73.2 9* 79.7 9 2 2
Cement (Algeria, 2001) [58] 12 4 1 + 7 27 + 3 422 + 3 112 + 8.1
Cement (Jordan, 1998) [59] 25 43.21 11.23 265.12 79.7
Cement (Egypt, 2006) [60] 85 78 33 337 151
Cement (Egypt, 1999) [61] - 31.3 11.1 48.6 50.9
Cement (Jordan, 1998) [62] 25 45.8 12.0 201.1 78.5
Cement (Kuwait, 1996) [62] - 12.6 + 0.8 9 .3+ 0 .5 240 + 3 45.1
Qatari Sand (current work) [56] 4 13.2 + 0.3 3.34 + 0.05 225.5 + 6.1 33.72 + 0.78
(12-14) (216-235) (32-35)
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Sand (Algeria, 2001) [58] 12 12+ 1 7 + 1 74 + 7 28 + 7.1
Sand (Jordan, 1998) [59] 73 25.1 14.6 188.1 -
Sand (Egypt, 1999) [61] - 9.2 3.3 47.3 16.6
Sand (Kuwait, 1996) [63] - 7 .9+  0.7 7 .2+  0.3 360 + 14 45.4
Qatari washed sand (current 4 13.5 + 0.5 3 .6+  0.2 (3-4) 228.2 + 7.7 34.5 + 1.2 (31-
work) [56]
(12-14) (210-242)
37)
Worldwide value [64] 50 50 500 370
This value was estimated from gamma line only.
Table 1.5: The published data of the mean activity concentration of raw materials samples 
used as main constitutes and samples from the minor additives of the Qatarian cement with 
those obtained from other countries in Bq/kg.
Sample Mean activity concentration (Bq kg'*)
232Tb 40k 2 3 5 y
Clinker (current work) [56] 23.5 + 0.3 9.7+  0.2 185 + 8 1.4+ 0.4
Kiln feed (current work) [56] 15.3+0.3 6 .8+  0.2 139 + 5 0.7 + 0.2
Gypsum (current work) [56] 11.5 + 0.2 2.5+  0.1 72 + 3 0.4 + 0.2
Clinker (Turkey, 2008) [65] 28.3 +13.3 15.9 + 3.2 219.0 + 45.2 -
Gypsum (Turkey, 2008) [65] 10.8 +12.2 3.6 + 2.7 44.5 + 23.2 -
Gypsum (India, 2003) [66] 8.3 - 26.7 -
1.8 NORM in the Oil and Gas Industry
Oil and gas production and processing operations sometimes accumulate naturally occurring radioactive 
materials (NORM) at elevated concentrations in by-product waste streams. The primary radionuclides 
of concern in NORM wastes are ^^ ^Ra (from the decay series), and its decay progeny ^^ "^ Pb and 
^^ "^ Bi [67]. The first detection of NORM associated with the oil and gas production was as early 1904 in 
Canada [68] and [69], and its presence in oil and gas wastes has been recognized since the 1930s [67]. 
NORM was not recognized as a waste management issue, however, until the mid-1980s, when the 
industry and regulators realized that NORM occurrence was more widespread than originally thought 
and that activity levels could be high [68].
The initial production of an oil reservoir is usually dry. When the oil migrates, the natural pressure 
within the formation falls. The water present in the reservoir (formation water) which is normally 
produced in the oil and gas can carry up, during the extraction process, the reservoir’s shale that 
contains dissolved mineral salts [69]. The concentration of radionuclides in the reservoir’s shall varies 
depending on the rock type in the underlying sedimentary rocks. The highest values are normally found
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in black shale, while the limestone and sandstones rocks have lower levels of and ^^ T^h [68]. When 
the pressure in a mature reservoir drops down, it is normal practice to inject seawater, which is high in 
sulfate and barium, into the well in order to maintain the ‘downhole’ pressure. If there are chemical 
incompatibilities between the seawater and the formation water (i.e., if the seawater is more saline than 
the formation water) [68] then, additional radioactive salts from the mineral present in the various 
geological strata may dissolve and form in the water (such as barium sulfate, calcium carbonate, and 
strontium sulfate). Once the solubility product for particular pair of ions e.g. barium sulfate is exceeded, 
precipitate can (easily) form [68]. The temperature and pressure of the water change as the well fluids 
pass through the production equipment. Since radium is in the same group elements in the periodic table 
(n A) as calcium, strontium, and barium, the barium sulfate co-precipitates with radium sulfate to form 
complex, hard, insoluble salts such as barium radium sulfate, which may be produced with oil in the 
production waste steams as production water, scale, and/or sludge. The barium sulfate salt forms a hard 
scale on the metal surface which can be extremely difficult to remove [69]. Release of the production 
wastes to the ground can result in NORM- contaminated soil that must be disposed of. Scale typically 
forms on the inside of piping, filters, injection wellhead equipment, and other water handling equipment 
and also can form as a coating on produced sand grains [70]. In the case of sludge formation, radium 
can present in several forms. These include pieces of barium sulfate (BaSÜ4) scale that become 
incorporated into the sludge. It can also co-precipitate with sulfates and carbonates which form in the 
sludge (CaCOs, SrS0 4  ). NORM contaminated sludge can also accumulate inside piping, separators, 
heater/treaters, storage tanks and any other equipment where produced water is handled [70].
In the past, NORM was commercially managed by surface treatment including landfill and land 
spreading, through which NORM was blended with nonradioactive materials to reduce the NORM 
activity below action levels and spread on the land. Nowadays, NORM waste are disposed of using 
other methods such as; Encapsulation and Downhole Disposal, Sludge Incineration [71] and [72] and 
licensed radioactive waste landfills. The primary, and the best method used for disposal of NORM 
wastes today is underground injection [69].
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Chapter 2 Natural Radioactivity
2.1 The Radioactive Decay Law
The radioactive atoms in a radioactive substance decay according to a random process. The 
probability of a nucleus decaying in a time interval is independent of time. It was noted 
three years after the discovery of radioactivity that decay rate of a pure radioactive 
substance decreases in time according to an exponential law which is called the Radioactive 
Decay law [73]. If no new nuclei are introduced into a given radioactive substance, this law 
predicts how the number of radioactive nuclei which are present at time t decreases with 
time. The number, dN, decaying in a time interval, dt is proportional to N, and so
N
where À is the decay (disintegration) constant which equals the probability per unit time for 
the decay of an atom (the right side of equation (2.1)). Regardless of the age of the atoms, 
this probability is a constant. The exponential law of radioactive decay which is shown 
below is the solution to the differential equation 2.1 above; i.e.,
N{t) = N .e-^  (2.2)
where No represents the original number of nuclei present at t = 0. The half-life is the time 
required for one half of the original nuclei to decay, denoted by the symbol • Putting N  = 
Nq/2, it follows that:
V 2 = ^  = ^  = î -.1"2 (2.3)
where the mean lifetime is the average time that a nucleus is likely to survive before it
decays and equals 1/X. i.e., the reciprocal of the decay constant [73]. The activity. A, is the
rate at which decays occur in a sample and can be obtained by differentiating Equation
(2.2), if the time interval dt over which the decays take place is much smaller than (
A=
dt
= ÀNf,e ^
A{t) = XN{t) = A^e - A t
(2.4)
(25)
where A q = ÀNo , and is the initial activity at t = 0. The number of decays of the sample per 
unit time (decays/s) is a convenient unit to measure the radioactivity of a sample. Another 
unit for measuring the activity is the Curie (Ci) [73]. This unit was originally indicated the 
activity of one gram of radium but later is defined simply as
ICi = 3.7x10^^ decays (becquerel) / s [73] [74] . Figure 2.1 shows how schematically the 
activity decays exponentially with time.
A .
A J 2
A J 4
Time (year)
0
Figure 2.1: Schematic of the exponential decay of activity for ^^^Pb which has (half-life 
22.3 years)
2.2 Types of Decays
The nuclei of some unstable atoms eject particles in order to become more stable systems, 
finally transmuting into the most stable isobar (constant A) of that mass number; 
Alternatively, a nucleus in an excited state can release energy in the form of an 
electromagnetic quantum of energy to decaying toward the ground state configuration for 
this nuclear system, without changing the nuclear species. There are three primary decay 
types of interest to the current work, namely, a, p, and y decays.
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2.2.1 Alpha Decay
a-particles were first discovered by Ernest Rutherford in 1899, while doing experiments 
with uranium [75]. In 1909 Rutherford showed that the a-particles are in nuclei of helium 
atoms, and consist of two protons and two neutrons [75]. Alpha particles are very low- 
penetrating radiation and cannot penetrate the dead layers of the human skin. Due to their 
electric charge and large mass (relative to beta particles), a-particles do not travel very far 
in the environment [76]. Alpha emitting radionuclides can be natural or man-made.
Alpha emission is a Coulomb repulsion effect which occurs predominantly in nature form 
heavy nuclei with A>210. The repulsive Coulomb force between the nuclear protons 
increases with nuclear size (A) at a faster rate than the nuclear binding force [77]. a-particle 
emission decreases the Coulomb energy and increases the stability of heavy nuclei [73, 78]. 
a-particles exist within the potential well which is created by the daughter nucleus [76], see 
Figure 2.2. Before the emission, the a-particle is considered to be confined within the 
potential well. The probability that the a particle reaches the surface and tunnels through the 
Coulomb barrier in order to be emitted is finite. Once the a-particle has penetrated the 
Coulomb barrier, it is repelled away and escapes from the daughter nucleus [76].
N uclear +  Coulom b 
y  potential
Separation
oc particle
Figure 2.2: Schematic of the alpha decay mechanism (Taken from [76]).
a decay occurs only if Q > 0 [73], and is an exothermic reaction, where the energy of the
nuclear reaction is released as a positive kinetic energy through the Qa value of this
reaction. If Qa is negative, it is not possible for the a-particle to tunnel through the barrier
and escape [73]. The Q-value is a term used to quantify the energy released during the
decay process. The probability of escape from the nucleus is dependent on the g-value. The
following equations describe the conservation of energy in a-emission [73], [76] and [77]:
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m x  =m>c + T '+ m x  4-TL
=T^,+T„
(2.6)
(2.7)
where T  is the kinetic energy and m is the mass. The decay is possible only if the left hand 
side of equation 2.7 has a positive value. In this case, the initial mass energy is greater than 
the final mass energy and Qa value is the difference in masses [73]. The Q values typically 
release between 4 and 10 MeV of energy for NORM a emitters. The inverse relationship 
between a-decay half-life and the decay energy Q value is called the Geiger-Nuttall rule, 
where the a-emitters with large disintegration energies have short half-lives [77], see figure 
2.3.
Geiger-Nuttall rule
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Figure 2.3: Schematic of the Geiger-Nuttall rule, where the a-emitters with larger 
disintegration energies generally have short half-lives than those with smaller Qa values 
(figure taken from ref. [79]).
When the soil and rock formations have high concentrations of and ^^°Ra, the226 t
probability of human exposure to a-particles increases greatly due to the airborne, ^^^Rn 
which has a half-life of 3.825 days [79]. ^^^Rn is an odourless, colourless, tasteless and 
chemically nonreactive "noble" gas.
It is responsible for the elevated levels of natural background radiation in many parts of the 
world, and largely contributes to our daily exposure of radiation. It can easily escape from
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the soils and rocks in which it is trapped and reside in interior housing locations. Since the 
distribution of uranium in the earth's crust differs from place to another, so does the 
occurrence of radon [2]. ^^^Rn a-decays to make ^^^Po. The decay sequence from ^^^Ra to 
^^^Po decay can be represented by the following:
8^8 ^^138 -^^86^^136 +  )  +  Qa
^%^i36 “^^84^ ^134 + Cci^He^ ) +
2.2.2 Beta Decay
Beta particles were discovered by Henri Becquerel in 1900 [80]. In beta decay the atomic 
number (Z) and the neutron number (N) of a nucleus each change by one unit, but the total 
mass number, A=N+Z, remains constant [73]. Therefore, (3 decay provides a convenient 
decay mode for an unstable nucleus to increment down a mass parabola of constant A to 
approach the stable isobar [73]. There are three processes by which nuclei may undergo 
radioactive beta decay: P' decay, p^ decay and electron capture. A p-particle is much lighter 
than an a-particle which means that for a given energy, P-particle is much more penetrating 
[78].
1. Negative p-decay
The first process is negative beta or p" decay. It can occur only if the daughter nucleus is 
more energetically stable than the parent; where a neutron converts directly to a proton, 
electron and an anti-neutrino [77]. The formed proton remains in the nucleus and the 
electron is ejected as a p- particle. This process occurs when the ratio of neutrons to protons 
is larger than the stable ratio for that particular isobaric chain. This process decreases the 
number of neutrons by one and increases the number of protons by one [73]. The following 
example represents a P" decay process:
8^2^ 1^28“ ^^ 83^ '^l27 + ^ ^
P-particles have a continuous distribution of energies, from 0 up to an upper limit which is 
called the endpoint. This point is equal to the difference in the energy between the initial 
and final states in the mother and daughter nucleus respectively [73]. Since p-decay is a
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three-body process (in contrast to a-decay which is a two-body process), in which the 
kinetic energy released is shared between the P-particle and the antineutrino [73], the 
emitted p-particles have a continuous distribution of kinetic energies, ranging from 0 to the 
maximum allowed by the Qp- value (the beta ‘end point’ energy). Fig. 2.4 shows a 
continuous distribution of energy from 0 up to 1.16 MeV from p-particles emitted from
210Bi [81].
Energy spectrum  of beta 
d ecay  electrons from
I
o 0.2 0 .4 0.6 0.8 
Kinetic energy, MeV
1.0
Figure 2.4: P' energy spectrum from the decay of ^ ^®Bi (taken from [80]).
In P decay, the Q-value can be defined as, the difference between the initial and final 
nuclear mass energies [73]. If the differences in electron binding energy and electron 
masses are neglected, the Qp- value can be determined from the following equation [73]:
Qf_ = [m { ' 'X )-m C x ')]c^  (2.8)
where the masses are neutral atomic masses. The Q value represents the energy shared by 
the electron and neutrino, i.e.,
Q „_= T+ E ,  (2.9)
30.07 y
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Figure 2.5: Schematic decay scheme of ^^^Cs showing two different decay modes, P" 
decay, followed by electromagnetic decays (figure taken from reference [82]).
2 1
2. Positive p-decay
The second weak interaction decay process is positive, decay or ‘positron decay’. It 
occurs when the ratio of protons to neutrons is higher than that for the most stable isobar of 
that particular A chain (i.e., for ‘proton-rich’ nuclei [78]). In this process, a proton is 
transformed into a neutron, a positron and a neutrino. As a result, the nuclear charge is 
decreased by one unit. As in p> decay, this decay is a three-body process and the positrons 
are emitted with a continuous range of energies [81]. The following example represents 
decay process:
P+
The (2-value must be greater than 0 for this process to be able to occur [76]. The Q value of 
P^ decay is given by [73]:
Qp, = [ m C X ) - m C X ' ) - 2 m , \ (2.10)
3. Electron Capture
In the electron capture (EC) process, an atomic electron which orbits close to the nucleus is 
captured. The electron combines with a proton and forms a neutron [73] with the emission 
of a neutrino of fixed energy. It is an alternative decay process to p"^  decay [76]. The proton 
is converted into a neutron. The parent nucleus absorbs an electron from the innermost 
orbit.
In EC, the mass of an atomic electron is converted into energy. By contrast, in P"^  decay, 
some of the mass-energy is required to create a positron. This means that there are decay 
energy constraints which mean for some particular isobaric cases, EC can occur when P"^  
decay can not [76]. Since no particle is emitted in EC, the energy released escapes 
undetected. The following process is an example of EC:
Conservation of mass-energy defines the Qec value as follows [73]:
Q,,=[m(''X)~mCX'-)\c^-B„ (2.11)
where is the binding energy of the captured n-shell electron.
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In understanding P decay, it be can useful to plot a mass parabola which shows the mass 
differences between neighbouring isobars, since approximate values of the energy available 
for p decay between neighbouring isobars can be read directly from them [78]. Figure 2.6 
show the mass parabolas for A=137 and A=40 isobaric chains.
A=40 Mass Parabola
40.05
40.05
40.04
40.03
40.02
o  40.01
39.97
39.96
Atomic Number, Z
Figure 2.6: Mass parabolas which show the mass differences between neighboring isobars 
for A=137 and A=40. The ground state mass values shown here are taken from reference 
[83].
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Figure 2.7: The decay scheme of ^^^Bi showing electron capture decay to an excited state, 
followed by y decay [82].
2.2.3 Gamma Decay
Gamma rays have energies typically in the range of 0.1 up to 10 MeV [73]. Gamma-ray 
photons originate from the nucleus and are unlike alpha or beta particles. Gamma-ray 
photons have no mass and no charge. It is a quantum of electromagnetic energy that travels 
at the speed of light and can travel up to hundreds of meters in air before being attenuated
[84].
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Alpha and/or beta decays can often leave the daughter nucleus in an exited state, which may 
then de-excite by gamma-ray decays. This situation will lead the nucleus to emit one or 
more gamma-rays characteristic to the energy deference between the intrinsic nucleus states
[85]. For example; when the natural occurring radionuclide ^^^Ra undergoes alpha decay, 
^^^Rn is produced. This decay is often accompanied by a gamma decay with energy of 
186.21 keV.
There is another electromagnetic process that can compete with gamma decay called 
internal conversion. In this process, the excess energy does not result in the emission of a 
photon but instead the electromagnetic multipole fields interact with the orbital electrons 
and causes one of the existing electrons to be ejected from the atom. The amount of energy 
given to the bound, orbital electron must exceed its binding energy for this process to occur. 
This is a different process to decay in which the emitted electron is created in the decay 
process itself [73]. The tendency of this process can be empirically determined by the 
internal conversion coefficient which is defined by the following equation [73]:
(2.12)
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where oc/c is the internal conversion coefficient, lie is the intensity of de-excitations through 
the emission of conversion electrons and ly is the intensity of de-excitations through the 
competing gamma-ray emission branch only.
2.3 Gamma-ray Interactions in Matter
Understanding the y-ray interactions with a detector is an important issue in order to know 
how y-rays photons are detected and attenuated. From the number of possible interactions 
processes for y-ray in the matter, three mechanisms play the most significant roles in 
interactions with y-ray detectors to transfer their energy partially or completely to the 
detection medium [86].
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2.3.1 Photoelectric Effect
In this mechanism, a photon undergoes an interaction with the detector medium atoms. As a 
result, the photon completely disappears and a photoelectron is ejected by the atom in its 
place [86]. If the energy is sufficient, the photoelectron will be produced from the most 
tightly bound (K) shell. The energy of the ejected photoelectron can be expressed as 
follows:
E ^ _ = h v - E ,  (2.13)
where Eg. represents the kinetic energy lunatic of the photoelectron, and Eb is the binding 
energy of the photoelectron's original shell.
Accordingly, this interaction creates an ionized absorber atom with a vacancy in one of the 
bound electron shells. A free electron can then be captured from the medium or a 
rearrangement of electrons from outer shell orbits of the atom then fills this vacancy. 
Therefore, characteristic X-ray photons are also produced. These may be reabsorbed 
through photoelectric absorption involving electrons from less tightly bound shell. Auger 
electrons may also be generated following this type of interaction [86].
2.3.2 Compton Scattering
This process is a colhsion between the incident gamma photons and an electron in the 
absorber. Unlike the photoelectric effect, the y-ray photon is deflected through an angle 0 
with respect to its original direction. A portion of the photon energy is transferred to a recoil 
electron [86]. This energy may vary from zero to a significant large fraction of the original 
y-ray energy depending on the scattering angle.
The energy transfer and scattering angle for any given interaction can be derived by solving 
simultaneous equations assuming conservation of total mass-energy and linear momentum
[86]. The solution for the scattered energy, as a function of scattering angle, can be written 
as follows:
l + - ! ^ ( l - c o s ^ )
MoC
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where is the rest-mass energy of the ejected electron (0.511MeV). From this, the 
kinetic energy of the recoil electron can be expressed as:
E ^ _ = h v - h v '  (2.15)
E^_ = h v (hv/moC^)(l-cos0)
l+(hv/moC^)(l-cos0)
(2.16)
In the case where 0 - 0 ,  the recoil electron carries away very little energy and the scattered 
y ray has almost the same energy as the incident y ray. Equations 2.14 and 2.15 show that in 
this extreme case that hv ~ hv \  and Ee. ~ 0. However, by contrast, if a head-on collision 
occurs, (i.e., one in which 0 ~ tc) and the incident gamma-ray is scattered toward its 
direction of origin, the energy transferred to an electron in a single Compton interaction 
reaches a maximum value, resulting in a spectral feature known as the ‘Compton Edge’. In 
normal situations, all scattering angles can occur in a finite sized gamma-ray detector 
volume. Therefore, a continuum of energies can be transferred to the recoil Compton 
electron, ranging from zero up to maximum predicted by Eq. 2.15 for 0=7i.
The energy difference or ‘gap’ between the maximum Compton recoil electron energy and 
the incident gamma-ray energy is given by:
E^ = h v -E ^_ (2.17)
l + 2hv/moC
In the cases where hu»m .c^/2, this energy difference tends toward a constant value of:
m
E^ = ^ i = 0 2 5 6 M e V )  (2.18)
2.3.3 Pair Production
The third important process for photon interactions in matter is Pair Production. This 
process occurs close to the nuclei of the absorbing material due to the high electric field at 
this point. The incident y-ray photon disappears and an electron-positron pair produced in 
its place [86]. An energy of IrrioC^  is required to create an electron-positron pair and
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therefore a minimum y-ray energy of 1.022 MeV is required for any incident photon to 
undergo this process. Any excess energy above this value is transferred into kinetic energy 
which is shared by the electron-positron pair. The total kinetic energy of the electron- 
positron pair will then be:
E^_+ E^^= hv-2m .c^  (2.19)
The electron and positron typically travel a few millimeters in the material before losing 
their energy in the absorbing medium. As the positron slows down due to collisions within 
the medium, the positron can combine with another electron from the absorbing medium. 
This is followed by the annihilation of both particles, which are replaced by two 
annihilation photons, each of energy m.c^ (i.e., 0.511 MeV) which are emitted back-to-back 
(to conserve linear momentum).
2.4 Gamma-ray Attenuation
The gamma rays emitted from a soil sample may be attenuated by the soil itself. The 
measured y-ray intensity will be less than the absolute intensity of the original emitted 
radiation [84]. This attenuation must be carefully considered in y-ray measurements which 
involve large volumes of soil samples. Only the transmitted y-rays which pass through the 
soil sample without attenuation will be detected and measured. In the following section, the 
linear attenuation coefficient and mass attenuation coefficient will be discussed.
The linear attenuation coefficient (jJ) is a vital quantity for characterizing the penetration of 
gamma rays in a sample which may be a combination of different chemical compositions
[87]. It can be defined as "the probability o f a radiation interacting with a material per unit 
path length" [88]. The linear attenuation coefficient illustrates the portion of a coherent, 
focused, pencil-beam of gamma rays that is absorbed or scattered per unit thickness of the 
absorber [87] and depends on four parameters: (i) the incident photon energy; (ii) the 
average material atomic number; (iii) the absorber material effective density; and (iv) 
thickness of the sample [88].
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The linear attenuation coefficient of a sample containing multi-element materials can be 
measured by placing a standard gamma point source with narrow beam geometry on the 
sample and using the Beer-Lambert law [88] which can be derived as follows:
— d la l .d x  
- d I = p L d x
where p  is the Linear Attenuation Coefficient. If L is the initial intensity of gamma-ray 
photons at a specific energy without attenuation; I  is the gamma-ray intensity after 
attenuation through a sample of thickness x  then since,
 —U.dx
I
In = -ju x
1=1. e -“=‘ (2.20)
Hubbell and Seltzer provide values of p  for materials with known chemical composition 
[82, 84]. The linear attenuation coefficient can be experimentally measured and is it not 
usually tabulated because it depends on the density of the absorbing material [84]. More 
conveniently, a coefficient that is density independent is the mass attenuation coefficient 
which can be defined as the linear attenuation coefficient per unit mass of the material [89] 
and is expressed as follows:
= p)[cni^ I g) (2.21)
where (p/p) is the mass attenuation coefficient and p is the physical density. The value of 
(p/p) can be obtained from the measured values of incident and transmitted gamma-ray 
intensities (I/L) and x  but it is important to identify the material's thickness and density [88].
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The mass attenuation coefficient calculations are governed mainly by the density and 
photon energy [90]. For a mixture of multi-element material, the mass attenuation 
coefficient is given by Bragg’s rule [88]:
(2.22)
where c/ is the weight fraction of the constituent element i and (jUr)i is the mass attenuation 
coefficient of this element.
2.5 Branching Ratio
There are a variety of possible decay schemes which describe the decays of the nuclei 
involved in measurements of naturally occurring radioactivity. Some nuclei may decay 
through a single decay mode, such as ^^^Bi which decays only through beta decay to ^^^Po 
(see Figure 2.8). However, some radioactive nuclei decay through different, competing 
decay modes (such as alpha and beta emission), which involve competing emissions with 
different relative decay probabilities [73]. The branching ratio is defined as the ratio of the 
probability of nuclear decay by one mode to the total probability of decay by all the 
possible modes.
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Figure 2.8: a) Decay scheme of ^^ ®Bi shows a single decay mode through beta decay [91].
b)
b) Decay scheme of ^^ ®Pb showing two completing branches for the beta decay of ^^"Pb 
[80].
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An example of nuclei would involve two modes of decay is ^^^Ra which decays through 
alpha emission to the ground state of ^^^Rn with a branching ratio of 94%, and also to the 
first excited state with branching ratio of approximately 6% [73], as shown in Figure 2.9.
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Figure 2.9: Decay scheme of the decay of ^^^Ra showing the fine structure in its alpha
decay to excited states in ^^^Rn [92]
Another example which demonstrate three competing decay branches is the decay of ^^^Ac 
(ti/2 = 29 h) is shown in fig. 2.10.
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Figure 2.10: Decay scheme of ^^^Ac shows three different competing modes and their 
branching ratios, a)[93], b) [93], and c) [94].
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The total decay constant in case of three different competing modes [73] is given by:
A,= —  =  =  0 . 0 2 # - '  =  6 . 6  X  1 0 - * i - '
1^/2 A/2
where the partial decay constants are:
Â^=0.83Â, =5.5xl0~^s- 6  „ - l
- 6  „ - l=0.17A, = 1 .1x10 s
4 = 6 x 1 0 “^ .^ , =4x10"^% “^
(2.23)
and Àto t is the total decay constant.
The mean lifetime r  is defined as the average time that a nucleus is likely to survive before 
it decays:
~ ^ o T  — y iA  (2.24)
'TOT
For example, the partial half-lives of the three decay modes of ^ ^^Ac are as follows:
= 1.3x10^5' = 35h
— 6.1x10^ 5" = 170A
In 2 0.693
hl2,p 4 4
In 2 0.693
A /2 ,£ C
4 4
A/2,or
In 2 0.693
4 4
= 1 .7x l0^ j = 55y
Practically, Ac decays only with the total half-life and the activity of  ^Ac is calculated 
through the measurement of gamma-ray radiation from one of the three decay mode and 
using the total half-life (29 hours) taking into the consideration the branching ratio of the 
decay mode [73].
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2.6 Radioactive Decay
In nature, the radionuclides in the three main radioactive decay series (i.e., headed by 
and ^^^Th) which are still present on earth in significant numbers, are in approximate states 
of radiation equilibrium [73]. Radioactive decay equilibrium occurs in three general modes. 
The most common case is that of secular equilibrium, where the activities (Ai=ÀiNi) of all 
radionuclides within each series are approximately equal.
Assuming that there are No parent atoms at time t = 0 with no other decay products present 
at t=0, then:
N f t  = 0) = N ,
#2  (7 = 0) = A 3 (r = 0) = ... = 0 (2.25)
The number of parent nuclei decreases with time due to radioactive decay. The nuclide 
concentrations following radioactive decay of an M-nuclide series in linear chain are found 
using the Bateman equations [95]. For the decay of parent nucleus, which decays into a 
subsequently radioactively unstable daughter nucleus, we can write,
^  =  - \ N ,  (2.26)
dt '
^  ('■ = 2,n) (2.27)
at
This assumes that the nucleus n is the radioactively-stable final end product of the decay 
chain, and the decay constant of the initial daughter, granddaughter, great granddaughter 
decays are represented by /I,,4 , 4  ^tc. and is the decay constant of nuclide. As a 
result of the parent decay, the number of atoms of the daughter nuclei increases, but due to 
its own decay this number also decreases with time, ie,
d N ^  -  \ N ^ d t  -  4 ^ 2^ 7 (2.28)
By integrating equation (2.25) and (2.27) and using the initial condition ^ 2(0) = 0 the 
following results are obtained:
N , { t )  =  N „ e - ^  (2.29)
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N^{t) = N „ - \ - ( e ~ ^ ’ (2.30)
4  - 4
Then, the activity of daughter may be expressed as:
4 M  ^  -e~ ^ ')  (2.31)
4  - 4
Assuming zero concentrations of all daughters at time zero:
Ai(0) 9  ^0 and A.(0) = 0 when i >1 (2.32)
The concentration of nuclide after time t was given by Bateman [95]:
Al„(0 = ^ 2 A « i e x p [ - A , i ]  (2.33)
\  J=1
where a  is a decay coefficient and can be determined from the following equation:
2.6.1 Secular Equilibrium
If a system is closed for a significantly larger period than the half-life of the daughter 
nuclide, the system will approach secular equilibrium, i.e. the activities (rates of decay) of 
the parent and the daughter will tend to equality.
Under secular equilibrium, the parent undergoes a very slow rate of decay with no 
appreciable change in its activity during many half-lives of its decay products, while its 
daughters grow-in and then decay. The daughter nuclei can reach their parent activity in a 
closed system [96]. The concentrations of the various daughter radionuclides that
accompany the parent can be estimated if we assume secular equilibrium for naturally
occurring ores i.e. with its first six daughters to radium ^^^Ra [97]. There are two 
conditions that are important to achieve this type of equilibrium:
The parent radionuclide must have a half-life much longer than it's progenies (e.g.
Tic =4.468x10'’y [98])
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2. A long period of time must have significantly elapsed, for instance ten half-lives of the 
decay product having the longest half-life, to allow for in-growth of the decay products 
[96].
If the half-life of the parent is much longer than the half-life of the daughter, (i.e. / ^ « / ^ )  
the decay products emit radiation more quickly and the parent decays at an essentially 
constant rate, for all practical times « 1. By substituting into Eq. (2.29) we find:
(Z35)
This is an example of secular equilibrium where the daughter and the parent decaying at the 
same rate^^A^ = \ N ^ ,  and as a result— = 1 [73]. Figure 2.11 shows an example of
A
approximate secular equilibrium.
1/2 -
Secular Equilibrium between Th-230 and Ra*226 • Th-230 
■ Ra-226
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Figure 2.11 An example of secular equilibrium shows how the parent ^^^Th (Ti/2= 7.538 x 
10  ^ years) and its daughter ^^^Ra (Ti/2= 1600 years) decay to reach the point where their 
activities are equal.
For instance; the ^^^Th/^^^Ra ratio would be approximately 1 after approximately 10000 
years as shown in the figure above, which corresponds to approximately 6 times the half- 
life of the ^^^Ra. However sometimes, during geological processes, because U decay chains
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are composed of different elements, fractionation can occur. This is known as radioactive 
disequilibrium [99]. Since Ra is generally more soluble than Th, it is usual to observe 
activity ratios for (^^^Ra/^^°Th) of more than 1 in water and less than 1 in soils and 
sediments. This disequilibrium is time-dependent since it involves radioactive elements. 
Once a disequilibrium is produced, daughter-parent activity ratios will return towards 
secular equilibrium by radioactive decay over a timescale depending on the daughter half- 
life in the system considered [99].
2.6.2 Transient Equilibrium
Transient equilibrium occurs when the half-life of the parent radionuclide is slightly longer 
or about the same as the decay product (e.g. ^^Mo and ^^ ™Tc with an activity ratio of about 
1.05 [100]), In this case the decay constant of the parent is slightly smaller than the 
daughter's decay constant, i.e., A < A -  Using equations 2.29 and 2.30, the ratio of the two 
activities can be calculated as follows:
= ^  (2.36)
As t increases the exponential term becomes smaller and the ratio of the daughter activity to 
the parent activity, A 2/A 1 , approaches a limiting constant value which, for ^^ “Tc/^^Mo is 23 
h. Figure 2.12 shows a schematic example of the decay activities for ^^ ™Tc and ^^Mo which 
lead to transient equilibrium.
= (2.37)
A  A  ~ A
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Figure 2.12: Time dependence of the activities of and its ^^Mo daughter, showing an 
example of transient equilibrium in radioactive decay.
2.6.3 General Relationships in Sequential Radioactive Decay
In the situation where the parent decays relatively quickly, the half-life of the decay 
products is much greater than the parent radionuclide. In these cases, the product activity 
rises to a maximum and the decays with a characteristic decay constant and
equilibrium does not exist (e.g. "^^ P^u and We can say in this type of decay that
there is no equilibrium between the parent and its progeny. Fig. 2.13 shows this situation. If 
t is so long the term effectively vanishes, then Eq. 2.29 becomes:
C138)
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Figure 2.13: Schematic showing the activity in a case of the decay of (Ti/2= 14.4
years) and its daughter (T1/2 = 433 years).
2.7 Radioactivity in Nature
The radioactive elements which can be found to occur in nature are categorized as arising 
from two origins, namely Cosmogenic and Terrestrial.
2.7.1 Cosmogenic Origin
Cosmic rays are composed mainly of highly energized positively charged particles (mostly 
protons), and high energy photons [2]. The upper atmosphere protects the earth and blocks 
most of the cosmic rays that approach the earth, however, a number of radionuclides are 
produced by the interactions of cosmic ray with the earth’s upper atmosphere [86]. These 
nuclear interactions arise largely from secondary neutron capture and high-energy nuclear 
spallation [101]. Spallation refers to a process in which a heavy nucleus emits a large 
number of nucleons as a result of being hit by a high-energy particle [101]. Spallation 
reactions are high energy interactions, typically with thresholds around 50 MeV, although 
in some cases the threshold can reach several hundreds of MeV [102]. Most of cosmogenic 
radioactivity is produced from this process when the bombardment reaction occurs between 
the atoms in the atmosphere and cosmic rays [103]. Thermal neutrons (which are formed
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following initial cosmic ray spallation interactions) give rise to charge exchange and 
neutron capture reactions which are responsible for the production of by the (n,p) 
reaction on and ^^Kr following the (n,y) reaction on ^®Kr respectively. The light 
radionuclide, ^Be is also produced in the atmosphere following spallation on C, N and O 
nuclei. It is estimated that 70% of the radioactive ^Be is produced in the stratosphere, and 
30% in the lower altitude troposphere [102].
A relatively small amount of radioactivity is also present in the environment from 
extraterrestrial dust and meteorites [102]. Radioactive isotopes of the elements Al, Be, Cl, I 
and Ne are all formed following the spallation of extraterrestrial elements under cosmic ray 
bombardment. The earth is bombarded every year by approximately 10  ^kg of dust from the 
outer space which contains radioactivity at concentrations of up to 27 Bq/kg, with a 
maximum limit of radioactivity from this source of 2.7x10^ Bq, largely arising from 
nuclides such as ^Be, ^^Na, ^^Al, "^ S^c, ^^Cr, ^Y % n, 5 6 , 5 7 , 5 8 , and ^^Ni (see Table
2.1). Other heavy radioactive elements such as thorium and uranium have also been 
detected in meteoritic materials [102, 104].
Table 2.1: Cosmogenic radionuclides of natural origin (Taken from [2]).
E lem ent Iso tope H alf-life D ec a y  m ode an d  y-line E n ergy (keV )
Hydrogen 12.33 y p- (100%)
Beryllium ^Be 53.29 d EC (100%) and Y (477.612)[105]
°^Be 1.51 x lo N 3' (100%)
Carbon i^ C 5730 v 3' (100%)
Sodium 2.602 y 3 \  and Y (1279) [106]
Aluminium :*A1 7.4 lOfy EC (100%)
Silicon s^ Si 172 y 3' (100%)
Phosphorus 32p 14.26 d 3" (100%)
33p 25.34 d 3' (100%)
Sulphur 35s 87.51 d 3" (100%)
Chlorine 3 6 c i 3.01 10^  y EC (1.9%), 3' (98.1%)
Argon ''Ar 35.04 d EC (100%)
''Ar 269y 3' (100%)
Krvpton '^Kr 2.29 10^ EC (100%)
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2.7.2 Terrestrial Origin
Terrestrial radionuclides are common in the rocks, soil, in water and oceans and also in 
building materials used for homes [2]. These radionuclides were present at the creation of 
the planet. Since some of these radionuclides have very long decay half-lives (on the order 
of hundreds of millions of years or more), significant quantities of these radionuclides are 
still present on the earth today. These radionuclides can be categorized into two types: (i) 
Singly Occurring Radionuclides and (ii) Decay Chains [2].
Primordial Radionuclides
About 20 naturally occurring single primordial radionuclide have been identified (see Table
2.2). Most are radioactive isotopes with half-lives > 10^  ^ years and usually around 10^  ^
years. The majority decay by beta emission, but some, such as "^^ S^m and ^^^Gd undergo 
(relatively low energy) alpha decay.
Table 2.2 Primordial singly occurring radionuclides. [102], adapted from [107] [108].
Radionuclides parent Decay product Half-life (yr) % Isotopic 
abundance
Decay mode and Energy 
(MeV)
40k ^°Ar(EC)&''°Ca ((3) 1.3 X 10* 0.0118 Beta 1.32
5 0 y '°Ti(EC)&'°Cr(p-) 6 x 1 0 " 0.25 Beta
««Sr(p-) 4.7 X 10'° 27.83 Beta 0.273
"'ln(p-) 9 x 1 0 " 12.3 Beta
"'In "'Sn (p-) 5 x 1 0 " 95.7 Beta 0.49
(EC) 1.2 X 10" 0.87 EC
''«La "«Ba (EC) & "«Ce(p-) 1 .1x10" 0.09 Beta and EC 0.27
'"'Ce ""Pr (P-) >5 X 10" 11.1 Alpha 1.5
'"Nd '^°Ce (a) 2.1 X 10" 2^9 Alpha 1.83
"’Sm '^'Nd (a) 1 .1x10" 15.0 Alpha 2J3
'«Sm '"Nd (a) 8 X 10" 11.2 Alpha 1.95
'"Sm '^'Nd(a) >10'° 13.8 Alpha < 2 .0
"^Gd '"«Sm(a) 1.1 X 10" 0.20 Alpha 2.14
1 560y "’Tb (a) 2 x 1 0 " 0.06 Alpha 3
"^Yb (EC )& "^H f(p) 2 .7x  10'° 2.6 Beta 0.57,
174R f '™Yb (a) 2 x  10" 0.17 Alpha 2.5
isoxa '«°Hf(EC)&'«°W (p) > 1 .6x10" 0.012 Beta
'«"Re '«’Os (P) 5 x 1 0 " 62.5 Beta 0.0026
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190pt
204pb
°0s (a)
™Hg
7 x 1 0 '  
1.4 X  1017
0.013
1.48
Alpha
Alpha
3.16
2.6
From Table 2.2, only two of the singly occurring primordial radionuclides are significant 
and important to be considered: and ^^Rb [2]. has a half-life of 1.277 x 10  ^yr [109],
an isotopic abundance of 0.0118 % and has a specific activity of 31.4 Bq/g for natural 
potassium. decays through P‘ decay to stable "^ C^a 89% of the time. The remaining
10.72% of undergoes decay by electron capture to stable '^^ Ar. This latter decay branch 
also emits a characteristic gamma-ray at 1.461 MeV. This line is very useful to identify and 
quantify by gamma spectrometry. It can also be useful in calibration because it presents 
in all environmental samples [102], see Fig. 2.14.
1 .1 2  p s
Stable
1 .277x109  y
 -------------n
i s K  '
Qpc=1504.9  
10.72% 
1460.859 10.67% 11.6^
0 0.048%  21.03
i s A r
Figure 2.14: Decay scheme of following the 10.72% decay branch of which 
undergoes decay by EC to stable "^ ^Ar and emits a characteristics photon with an energy of 
1.461 MeV [110].
Potassium is commonly distributed in the earth’s crust. Its concentration in limestones is 
about 0.1% and may increase in some types of granites to about 4% [104]. The mean 
activity concentration of found in the crustal rock is about 0.62 Bq/g; basalt has about 
half of the potassium activity concentration in crustal rock [104]. Low calcium and syenites 
granites may have concentration exceeding 1.85 Bq/g. Soils have lower concentrations of 
activity, with the mean found to be around 440 Bq/kg. Agricultural activities can 
significantly alter potassium concentrations in soil and increase the potassium levels in soil 
under agricultural farming for about 20 years by an order of magnitude [104]. The 
concentration of potassium in sea water is also significant, averaging about 11 Bq/1 [104].
The other primordial occurring radionuclide which has a potential significance on the 
environment is ^^Rb. It has a natural abundance of 27.8% [111]. Rubidium decays by beta (
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Emax Qp-= 0.274 MeV) to stable Sr with a half-life of 4.8 x 10 yr [112]. It is also an 
alkaline earth metal so it may replace potassium chemically in the human body. Like 
potassium, rubidium can also be found in trace amounts in soil and rock, with a 
concentration value of 10 ppm (corresponding to specific activities of -7  Bq/kg) [102]. 
Typically most rocks contain from 10 to 200 ppm (7-19 Bq/kg) of ^^Rb, with granites 
having a higher concentration. The content in sea water is average about 100 Bq/m^. In 
marine life, concentrations of few tenths of Bq/kg are observed [102].
Decay Chains
During the period from 10^  ^ yrs ago until the condensation of the solar system, hydrogen 
and helium that resulted from the big bang some 1.5 x 10^  ^yrs ago were fused into heavier 
elements in stellar interiors, following nova and supernova [77]. The earth was created from 
the recycled debris of these dead stars [73]. Most of these elements were initially 
radioactive. However, since only a few of these radioactive elements have isotopes with 
decay half-lives which are long compared to the age of the earth, these radioactives, which 
form the major portion of our natural radiation, can still be observed. They can be 
categorized into three main decay series [113]. These are the natural decay chains headed 
by (4.5 billion year half-life), (14.1 bilHon year half-life), and (700 million 
year half-life) respectively, as shown in Figures. 2.15, 2.16, & 2.17, and Tables 2.3, 2.4, and 
2.5. These each then decay through complex decay chains of alpha and beta decays and end 
at the stable ^°^Pb, ^°^Pb, and ^°^Pb nuclides respectively.
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Figure 2.15: Schematic of the decay chain and its decay products.
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Figure 2.16: Schematic of the ^^^Th decay chain and its decay products.
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Figure 2.17: Schematic of the decay chain and its decay products.
Table 2.3: Table shows the and its decay products (data taken from ref. [114] and
[115]). Uncertainties of gamma intensities can be found in ref. [114].
Parent Half-life Daughter Gamma-ray 
transition (keV)
Branching ratio 
(y-ray absolute relative 
to decay in 
equilibrium)
%
238u 4.468* lOV 234Th 49.55 0.063
113.50 0.0102
234Th 24.10 d 234mpa 6&28 4.10
92.37 2.42
234mpa 1.17 m 234u 1001.03 0.837
766.38 0.294
^^Pa 6.70 h 234u 131.30 0.029
234u 2.455* lOV 230Th 53.20 0.123
230Th 75380 y ^ a 67.67 0.373
1600 y ^R n 186.21 3.59
^R n 3.823 d "'«Po 511 0.076
"'«Po 3.10m 214pb *
214pb 26.8 y :"Bi 351.93 35.1
295.224 18.2
241.997 7.12
53.228 1.2
785.96 1.04
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214Bi 19.9 m 214Po
2"Bi
2"P0
210pb
21C^ i
19.9 m 
164.3 jis 
22.3 y 
5.013 d 
138.37 d
210rj-il
210pb
2'*Bi
2WP0
°^^ Pb (stable)
839.04 0.587
258.87 0.524
274.80 0.474
487.09 0.422
580.13 0.352
480.43 0.320
533.66 0.186
609.31 44.6
1764.49 15.1
1120.28 14.7
1238.11 5.78
2204.21 4.98
768.35 4.76
1377.66 4.00
934.06 3.03
1729.59 2^2
1407.98 2.15
1847.42 2.11
1509.22 2.11
1155.19 1.63
2447.86 1.57
665.45 1.46
1280.96 1.42
1401.50 1.27
806.17 1.22
2118.55 1.14
1661.28 1.15
1385.31 0.75
*
799.7 0.01
46.53 4.25
*
803.10 0.00122
*No gamma-ray observed.
Table 2.4: Main gamma-ray transitions associated with the decay of ^^^Th and its daughter 
series decay products (data taken from ref. [114] and [115]). Uncertainties of gamma 
intensities can be found in ref. [114].
Parent Half-life Daughter Gamma-ray 
transition (keV)
Branching ratio 
(y-ray absolute 
relative to 
decay in equilibrium) 
%
Th
228
228
Ra
Ac
1.405*10'"y
5.75 y 
6.15 h
':«Ac
228Tb
63.81
140.88
13.51
911.20
968.97
0.263
0.021
1.60
25.80
15.80
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338.320 11.27
964.766 4.99
463.004 4.40
794.947 4.25
209.253 3 j#
270.245 3.46
1588.19 3J2
328.00 2.95
129.06 2.42
409.462 1.92
835.71 1.61
1630.62 1.51
772.29 1.49
99.50 1.26
755.315 1.00
228rpb 1.9116y ^ R a 84.373 1.22
215.98 0.254
^^Ra 3.66 d 240.98 4.10
55.6 s 549.76 0.114
0.145 s 212pb 804.9 0.0019
212pb 10.64 h 2"Bi 238.632 433
300.087 338
115.183 0.592
"'"Bi 60.55 m 208rpj 3&85 1.06
288.20 0.337
452.98 0.363
60.55 m ^^ P^o 727.33 6.58
1620.50 1.49
785.37 1.102
1078.62 0.564
"'"Po 0.299 gs °^^ Pb (stable) *208'pj 3.053 m °^^ Pb (stable) 2614.533 35.64
583.191 30.4
510.77 8.13
860.564 4.47
277.358 2.27
763.13 0.625
252.61 0.25
*No gamma-ray observed.
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Table 2.5: 
[115]).
Table shows the and its decay products (data taken from ref. [114] and
Parent Half-life Daughter Gamma-ray 
transition (keV)
Branching ratio 
(y-ray absolute 
relative to 
decay in 
equilibrium)
%
235u 7.038*10^ y 23lTh 185.715 57.2
143.76 10.96
163.358 5.08
205.309 5.01
109.16 1.54
23lTh 25.52 h "''Pa 25.646 14.5
84.216 6.6
23lTh 25.52 h ^^At *
^'Pa 3.276*10\ ^^Ac 27.36 10.3
300.07 2.47
302.65 237
283.69 1.70
330.06 1.40
21.773 y 227Th *
^'Ac 21.773 y 99.6 0.0056
22?Th 18.72 d ^ R a 235.97 12.3
50.13 8.00
256.25 7.00
32935 239
300.00 2.67
79.72 1.89
286.122 1.54
21.8 m "^Ra 50.13 0.497
^R a 11.435 d ^^ ^Rn 269.459 13.7
154.21 5.62
323.87 3.93
144.232 3.22
''"Rn 3.96 s 271.23 10.8
401.81 6.4
1.781 ms 211pb 4383 0.04
1.781 ms '''A t **
211pb 36.1 m "'B i 404.85 3J8
832.01 3.52
427.08 1.76
2"Bi 2.14 m 207rpj 351.05 12.91
2"Bi 2.14 m '"Po *
2"Po 0.516 s ""Pb (stable) 897.80 0.561207rp| 4.77 m '°^Pb (stable) 897.80 0.260
*No gamma-ray observed. 
** No data available.
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Chapter 3 Biological Effects of Low Doses of 
Ionizing Radiation
The biological effects of ionizing radiation begin when the molecules in the living cell 
interact with radiation energy through deposition and/or exposure. If a massive dose is 
delivered in short period of time (ie >20Gy full body), symptoms of acute radiation injury 
will be expected in the first few hours/days. However, when the delivered dose is much 
smaller and repeated over longer periods of time extending to many years, the biological 
effects of this exposure may not appear for many decades, if at all. As this research focuses 
on low levels of natural radioactivity in soil and building materials in the State of Qatar, the 
potential delayed biological effects of radiation will be discussed in details in this chapter.
3.1 Effect on the Human Cell
The biological effects of radiation on living cells can occur either by a direct or an indirect 
effect. The direct effect occurs when the ionizing radiation causes excitation in the same 
molecule where the primary radiation is deposited and absorbed. Indirect effects occur 
when the ionizing radiation is absorbed in (for example) a water molecule in the human 
body and produces short-lived chemically reactive products that react with other molecules 
in other sites in the body [116]. The three products that form in water are the reason behind 
a number of biological effects in the human body. They can be formed either directly by 
ionization and produce a hydrated electron (e 'a q )  or as a result of excitation of water 
molecules which lose their extra energy rapidly by cleaving the bond to produce a hydroxy 
radical (OH ) and a hydrogen atom (H"^ ) which are often referred to as free radicals. 
According to Menil Eisenbud and Thomas Gesell [116]:
"The important radiation-induced products from water namely H-atoms and hydrated 
electrons"
Initially, the hydrated electron is relatively stable in a pure liquid water for a half-life of few 
milliseconds due to the water molecules that envelope the electron. If the ejected electron 
(the so-called dry electron, e') retains the excess kinetic energy acquired from the ionizing 
event, it can be solvated by the H2O molecules to form a hydrated electron (e 'a q ) . This free 
radical behaves as a radiation product within the body and can react directly with 
biomolecules such as DNA [117]. The most prominent free radicals (H atoms and hydrated 
electrons) can be trapped within proteins such as enzymes and cause direct, localized 
damage to their chemical structure. In this case, the consequence is not significant as the 
body can generate another copy if needed using the data stored in the DNA. However, if the 
molecular structure of the DNA itself is damaged, the subsequent biological effects of 
radiation such as cancer (Comatic mutation) or genetic mutation may arise later. Cancer 
occurs if an ordinary cell with an unrepaired DNA damage divides and is capable of 
reproducing a new mutated cell. In genetic mutation, the affected DNA is in the sex cell of 
an ovary or a sperm which in turn lead to an observable changes in the next generation such 
as the genetic mutation in the fruit fly (drosophila) [116].
There are different types of damage that may induced by radiation in the DNA molecules 
[116]. The most important types are as follows:
3.1.1 Single Strand Break
In this case, the damage affects one of the sugar-phosphate chains in the DNA molecule. 
Around 95% of this type of damage is detectable and repairable in the course of one hour at 
37°C by using the information in the opposite strand
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3.1.2 Double Strands Break
This type of break affects both strands of DNA helix opposite each other. These are more 
difficult to repair and have been shown to exhibit a correlation with unrepairable damage to 
chromosomes as well as cell death.
3.1.3 Base Damage
The base guanine (G) in the heredity molecules is particularly sensitive to radiation damage. 
When the damage occurs in a G base in one strand code for a certain amino acid, is it likely 
to lead to no repair or misrepair by an incorrect insertion of the wrong amino acid into the 
protein. This in turn causes a mutation and changes the protein's function.
3.1.4 Clustered Damage
The DNA is continually damaged, however this damage is readily repaired using the 
information on the opposite strand in the existing template. If two adjacent bases on the 
same strand are chemically altered, the damage can not be repaired as there is no 
information to replicate the adjacent base from. The clustered damaged which can be 
induced by radiation is unique and difficult to repair.
3.2 Pathways through the Environment
Fallout from airborne radiation associated with nuclear weapons tests and the uncontrolled 
release of radionuclides from nuclear and radiological accidents may have an environmental 
impact on the population. Possible exposure of the population depends on the contaminated 
medium including: atmospheric, aquatic and terrestrial pathways. In order to estimate the 
environmental impact of radionuclides transport, dispersion and deposition in the 
environmental pathways and to assess the absorbed dose by humans, it is important to 
understand the properties of these radionuclides, predict their pathways in the environment 
and how they interact with each other. This section gives a brief discussion of some of the
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possible pathways and their behaviour of radionuclides in that environment and in the 
human body [118].
3.2.1 Atmospheric Pathway
The lower region of the atmosphere which starts from the earth’s surface and extends to 
approximately 15 km in altitude is the main medium for releases from industrial and 
research sources of radioactive emission [118]. This region called the Troposphere. Around 
75% of the atmosphere mass and almost all its moisture and dust are contained in this layer, 
in which the vertical temperature gradient is the major factor which affects the weather and 
the manner of the radionuclides distribution [118].
The dispersion of a radiological contamination due to an accidental release introduced into 
the troposphere depends on meteorological conditions such as temperature, pressure and 
wind speed/direction. Radionuclides can settle on the earth's surface if the wind is not 
sufficient to keep them suspended in the air, or by the scavenging action of rain and snow 
[118]. The residence time of troposphere aerosols varies from 5 days in the lower rain- 
bearing region to 40 days in the higher altitude. The average time is about 30 days [119]. 
There are two mechanisms which remove aerosols from the troposphere and settle them on 
to land; (i) droplet formation of the rainfall around aerosols (rainout); and (ii) a scrubbing 
action (washout) [118]. The wind may re-suspensed the surface-based aerosols again in an 
air current and diffuse them locally into a neighbouring region. The suspended 
radionuclides may settle on water, soil, vegetation and eventually get into the food chain 
and/or deposit on skin and clothing and get into the human body through inhalation and 
ingestion. They may also affect the human body directly through the external exposure, (see 
Figure (3-1)).
In the stratosphere layer, which starts from 15 km and extends to 50-60 km, the 
environmental impact of a radiological emission spreading throughout this layer is a global 
concern. The residence time of the aerosols depends on the altitude, the time of the year and 
latitude. In case of a nuclear explosion, the emission not only affects the local area where 
the explosion occurred to a great extent, but also it can spread throughout the stratosphere
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and can have a significant environmental impact on a global scale [118]. Traces of the 
emission can be detected in other areas of the world.
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Figure 3.1: Schematic showing the main pathways of human radiation exposure through the 
environment [120].
3.2.2 Terrestrial and Aquatic Pathways
Contamination of the terrestrial and aquatic environment may occur through several 
pathways [118]. It may occur through airborne deposition produced by an atmospheric 
discharge on the ecosystem including humans, animals, aquatic environment, soil, and 
agriculture as discussed in the previous section. Then, it is possible to be incorporated into 
surface soil, absorbed by plants by root uptake, enter the food chain and finally pass to 
animals and humans. The contaminated surface soil may also affect humans directly by 
external exposure. The airborne radionuclides discharged from an atmospheric release may 
also directly contaminate the plants by foliar deposition [121], and/or rain splash which 
may transfer the contamination, deposit it on the plants and be absorbed metabolically by 
the plants surface [122].
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The contamination of terrestrial and aquatic environments may also occur from solid and 
liquid wastes released directly into the terrestrial and aquatic environment. In case of direct 
release of solid and/or liquid wastes into the land, the discharge may transfer in the 
terrestrial environment and into the food chain by the same mechanisms and through the 
same pathways as discussed for a terrestrial contamination caused by atmospheric release, 
despite the fact that in this case, it tends to be more condensed and localized. The mixing 
characteristics of a solid and/or liquid discharge into the aquatic environment vary 
depending on the place and time of the discharge and are more complicated than the mixing 
process of radionuclides discharged in the terrestrial environment and atmosphere [118]. 
The fate of radionuclides discharged into an aquatic environment varies according the type 
of the surface water. It can vary in each stream for the same river, and in each bay for the 
same ocean. It depends mostly on the depth at which the pollutant is discharged. The 
geographical and metrological factors such as the depth of the water, type of the 
river/seabed, shoreline configuration, tidal factors, wind and temperature all affect the rate 
of mixing. Other physical and biological process may complicate the mixing process such 
as the physical state of the pollutant. If the discharge is in a solid state and floating, it may 
settle on the river/seabed, be attached to plant surfaces or be filtered by aquatic organisms. 
In case of a liquid discharge, the suspended organic and inorganic solids in the aquatic 
environment may play an important role and remediate the pollutant by sorption, or it may 
be adsorbed by aquatic plants and animals. When these die and settle to the bottom of the 
water, they become a part of the organic-rich substrate and be a secondary source for a 
dispersed pollutant [118]. The sediment can also play opposing roles for radionuclides 
discharge through both sorption and de-sorption. It can help in water remediation and also 
be a secondary source of the contamination, if the sediment particles become re-suspended 
by turbulence or are dragged and deposited elsewhere [123]. E. K. Duursma have stated
[123]:
“The sediments play a predominant role in aquatic radioecology by serving either as a sink 
or as a temporary repository fo r  radioactive substances, which can then pass by way o f the 
bottom-feeding biota or by resuspension or dissolution to the higher tropic levels. ”
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Finally, the terrestrial and aquatic environment may eventually be contaminated by liquid 
waste tanks stored in/on the ground through erosion caused by rainfall runoff, or injected 
into aquifer wells throughout two mechanisms leakage and erosion. This contamination 
may deposit on the soil and rocks, migrate through the groundwater, transport to plants 
through root uptake, transfer to animals who consume the contaminated crops and 
ultimately get into the human body through ingestion by drinking the groundwater and 
consuming the contaminated crops and/or the flesh, milk and eggs of the contaminated 
animals. The solubility of the radionuclides in water boosts their transportation in soil and 
sorption by root endings [118]. The time they remain in the site of deposition can also 
increase their probability of root uptake. Roots uptake of a contamination from soil depends 
on; its chemical form; its distribution coefficient; the metabolic requirements of the plant; 
and other physicochemical factors in the soil [118].
3.3 Routes of Radionuclides in the Human Body
The uncontrolled release of radionuclides may cause possible exposure on the population 
through the different pathways discussed in the previous section. The potential effects of 
this exposure on the human body vary for the same radionuclide and may result in exposure 
to different organs in the body depending on the route it takes to get into it. The most 
important routes are ingestion and inhalation [124]. What makes ingestion and inhalation 
process so important is the nature of the internal radiation. Alpha and beta emitters transfer 
large amounts of energy directly to human tissues when inhaled or ingested, causing 
potentially direct damage to the DNA in the human cell [124]. If this damage is misrepaired 
and continues to divides into new mutated cells as described in section (3.1), a cancerous 
tumour may be produced as a direct result of the radiation exposure.
Inhalation and skin wounds are the most common routes that may cause radiological 
hazards for workers through contaminated industrial dust, smoke, or gaseous (airborne) 
radionuclides, such as radon, in their workplace. Ingestion is the more common route for 
the general public, since radionuclides get into the food chain as ingestion can be controlled 
in workplaces [124].
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Some radionuclides can be cleared by the body relatively quickly, even before their 
physical half-life has elapsed. Other isotopes may remain in the body and transfer their 
energy to tissues for the rest of individual's life span. The time which the radionuclide 
spends into a body plays an important role in calculating the total committed radiation dose 
[124]. In order to estimate how long it will take to be cleared from the body and thereby 
calculate the effective half-life for the ingested radionuclides one needs to approximate the 
time elapsed before half of the compound has been cleared from the body by biological 
means. This time is called the biological half-life [118]. The effective half-life can be 
calculated through the following equation [118]:
1 1 1
(3.1)
where te is the effective half-life, tp is the physical half-life and tb is the biological half-life. 
When the physical half-life is very large, as for and ^^^Th, equation (3.1) can be
approximated to:
(3.2)
In order to estimate the biological impact following an accidental intake of radionuclides on 
the human body and to calculate their potential effects through each of the three routes 
(inhalation, ingestion and via the skin), it is important to have information about the type of 
emitted radiation, the entry route into the body, the chemical form of the radionuclides, and 
the decay properties of the specific radionuclides. It is also important to predict their 
radioisotopic behaviour after entry into the body. This can be influenced by the sex and age 
of each individual, and is usually estimated by biokinetic models [124], [125].
Biokinetic models are used to describe the behaviour of the up-taken radionuclides within 
the human body. They are sometimes constructed as a simple compartment model with 
retention half-times and uptake fractions (as the case in the ingested radionuclides) or they 
may be more complex models that may contain chains of compartments, in case of inhaled 
radionuclides. Recirculation between compartments may also be involved [125].
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Commonly models are recommended by the International Commission on Radiological 
Protection (ICRP) and used to calculate radionuclides uptake and excretion in the affected 
organs taking into consideration the physical decay and biological half-lives. Figure 3.2 
illustrates the main routes of intake, internal transfers, excretion in the human body [124].
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Figure 3.2: The main routes of intake, internal transfers and excretion in the human body 
(taken from ref [124]).
The previous model is a single biokinetic model that covers the whole human body and 
useful in describing the internal transfers between all the compartments and the potential 
routes that may carry the radionuclides into the human body.
The ICRP has suggested separate models for the respiratory tract, gastro-intestinal (GI) 
tract, and systemic models, which were found to be more convenient (and accurate) in 
describing how a radionuclide behaves within the human body. These models include 
factors which describe the amount of radionuclide up-taken or excreted in/from each organ 
due to the initial intake at any time after being taken up in the bloodstreams and calculate 
the number of radioactive decays which take place in each compartment as a function of 
time after initial intake [124]. Brief discussions of these models are presented in the 
following section.
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3.3.1 Gastro-intestinal (GI) Tract
The Gastro-intestinal tract model illustrates how ingested radionuclides behave when they 
enter the GI tract [124]. The commonly used model for all ingested radionuclides is from 
Publication 30 (ICRP, 1979) [126]. It is a single GI tract model that can approximately 
calculate doses to each organ in the GI tract caused by the radionuclides when they pass 
through it [124]. It consists of compartment for: the stomach, small intestine, upper large 
intestine and lower large intestine, as illustrated schematically in Figure 3.3. This model 
also shows the behaviour of the radionuclides transferred from the respiratory tract and 
systemic circulation. It has the ability to simulate how the ingested radionuclides circulate 
in the individual’s blood, followed by transfer to body organs and uniform distribution 
throughout the body tissues when they get into the GI tract.
In order to calculate the dose of each organ in the GI tract, the fraction value, f i ,  of the 
absorbed radionuclides within the individual’s blood must be measured. This fraction varies 
gradually from case to case depending on the chemical composition of the absorbed 
radionuclide and also with sex and age of the individual. The absorption of the ingested 
radionuclides depends on their chemical composition [125]. The radionuclide distribution 
and retention in body tissues is also age dependent [125].
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Figure 3.3: Schematic of the ICRP’s previous GI tract model, from ICRP Publication 30 
[126].
The model helps also in estimating the time taken for a radionuclide to pass through each
compartment in the GI tract and the fraction of the absorbed radionuclides into the systemic
model, as well as estimating the excreted proportions of the radionuclides in individual’s
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urine and faeces. Urinal extraction depends greatly on flow rates of urine and the bladder's 
size, both of which are age and sex dependent [125] [127].
The fraction of the absorbed radionuclides within the skeleton differs widely between 
individuals. This variation depends on the bone tissue at the site of deposition because the 
skeleton structure is a highly heterogeneous tissue. The most sensitive parts of the 
skeleton,(ie, those that may be most highly affected by radionuclides uptake) are the red 
bone marrow and a layer of cells in the inner bone surface [126] [125]. When the 
radionuclide is absorbed into the bloodstream, the biokinetic model parameters are usually 
depend on the specific element and not on the chemical form of the radionuclide that 
originally entered the human body [124].
The biokinetic behaviour of decay progenies is assumed to be the same as that of the parent 
radionuclide. Under this assumption, the only additional parameter that needs to be taken 
into consideration is the age of the individual exposed [125]. However, in the case of 
alkaline rare-earth and actinide elements, as the case in this research, the radioactive decay 
products should be considered in order to include the contribution to the total dose from 
their buildup in the body [125]. This can be achieved through a dynamic model which can 
take into account the time profile of urinary and faecal excretion and the biological 
behaviour the uranium and thorium daughters such as Ra, Po, Bi and Pb [125].
The biokinetic model of uranium, radium and strontium, (see Fig. 3.4) as well as the one for 
thorium, neptunium, plutonium, americium and curium uptakes (see Fig. 3.5) are described 
in ICRP Publication 78 [128]. These models are able to calculate the systemic uptake of the 
radionuclide from the compound that originally entered the body, its retention in the human 
body organs and its urinary and faecal excretion. These are updated versions of the models 
published earlier in ICRP, Publication 54 [129] and are consistent with the models used in 
ICRP, Publication 68 [130].
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Figure 3.4: Schematic of the biokinetic model for strontium, radium, and uranium from ref 
[129].
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3.4 Respiratory Tract Model
The respiratory tract model is used to describe the behaviour of radionuclides when they are 
inhaled and to estimate the fractions of deposited radionuclides within each part in the 
respiratory tract. It may also include a dosimetric model that helps in calculating the 
absorbed doses of each deposition site within the respiratory tract caused by the inhaled 
radionuclides [124]. It also takes into consideration radionuclides that are cleared from the 
respiratory tract, swallowed and transfered to the Gl tract, or absorbed into the bloodstream
[124]. The human Respiratory Tract Model described in ICRP, Publication 66, [124] is a 
single model that can be used for all inhaled radionuclides (see Figure 3.6) The parameter 
values for each individual case can be altered according to the chemical composition of the 
inhaled radionuclides [124].
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Figure 3.6: Features of the ICRP Publication 66 respiratory tract model, taken from ref 
[132]
There are three distinct stages describe the respiratory tract model [127], namely particle 
deposition, mechanical clearance of deposited particles and dissolution of deposited 
particles. These are discussed below:
59
3.4.1 Particle Deposition
This term refers to “the initial processes that determine how much of the material in the 
inspired air remains behind after exhalation” [127]. The deposition fraction of the inhaled 
radionuclides within the respiratory tract differs from one to another since the breathing 
patterns of individuals are different. Some tend to breath in air mostly through the nose, 
while others rely on their mouths for breathing [127]. The deposition of radionuclides in 
particulate form in the respiratory tract is governed mainly by the aerosol's size in the range 
interest (0.6 nm - 100 pm) [127] and [124]. Other parameters that influence the aerosol’s 
distribution and deposition are the shape, density and aerodynamic processes such as 
gravitational sedimentation, inertial impaction and Brownian motion (diffusion) [124]. The 
deposition of gases is governed only by their chemical form [127].
3.4.2 Mechanical Clearance of Deposited Particles
The respiratory tract is composed of many different regions and each region consists of 
different types of cells and tissues. This wide variation also results in a wide variation in the 
particle retention and transportation from region to another [127]. The mechanical clearance 
of the deposited particles is related to the location of deposition within the respiratory tract 
[127] [124]. The deposited particles in the extrathoracic-1 (ETl) region can be cleared by 
nose blowing. All the remaining radionuclides in particles in the other regions would either 
be transported towards the Gl tract and lymph nodes, or absorbed from the respiratory tract 
into the bloodstreams [127].
3.4.3 Dissolution of Deposited Particles
This stage predicts how quickly the deposited radionuclides, either in the mucus or throat, 
are cleared by nose blowing or swallowing, or by the dissolution of the absorbed 
radionuclides from the respiratory tract into the bloodstream [124]. The physical and the 
chemical properties of the deposited particles can interact with the altered types of tissue in 
the deposited region within the respiratory tract and can govern the dissolution process 
[127]. Figure 3.7 shows the routs of clearance routes in the respiratory tract model.
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Figure 3.7: Schematic of clearance routs from the respiratory tract model, figure taken from 
ref. [133].
3.5 Entry Through the Skin and Wounds
Although, the intact skin is considered as a good barrier against internal radioactive 
contamination, some radionuclides (such as tritiated water) have the potential to be 
transferred to human tissues and takenup into the bloodstreams through the skin if they are 
in direct contact with the skin [124] [128]. This example is discussed in details in ICRP in 
Publication 78 (1997) [128] and was considered to be the most significant transfer that 
would occur through the skin [124].
The radionuclide up-take through the skin varies depending on many factors such as, the 
chemical and physical characteristics of the element and the contaminated area within the 
body [124]. Once a radionuclide is taken into the blood (and hence into other body fluids) 
through ingestion, inhalation or via the skin, it is considered as a systemic material which 
circulates within the systemic circulation (Blood Circulation) [124]. Since the behaviour of 
radionuclides differs greatly between elements, the ICRP has developed separate systemic 
age-dependent model for 31 significant elements in Publications 30 , 56, 67, 69 and 71 
[126] [134] [135] [136] [137]. These describe the behaviour of radionuclides after they 
have been up taken into the blood independent on the entry pathway route for each group of 
chemically similar elements [124].
Table 3.1 summarizes biokinetic details such as the biological half-life, effects and 
characteristics, together with the chemical characteristics for the radionuclides of concern 
(23Su^  235y^  228^ ^  226g^  ^ 222g ^  232^ 230y^ _ after entering the human body.
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Table 3.1: Table to illustrate the Biokinetic of U, Ra, Th, K , Cs in the human body.
Radionuclide Biological
half life
Biological Characteristics
has a low specific 
activity. Absorption of 
uranium into the bloodstream 
after ingestion is small and 
may vary depending of the 
solubility of the component 
[138]. Radiation damage to the 
lung and kidney should be 
considered if exposed to 
insoluble, slightly soluble or 
enriched uranium because 
insoluble aerosols such as 
uranium metal, uranium 
dioxide (UO2), uranium 
trioxide (UO3), and triuranium 
octaoxide (UgOg) are generally 
deposited in the lung and 
remain there for years. The 
radiation damage in lungs 
through internal exposure may 
increase the risk of cancer. 
[118] [139].________________
Chemical
Characteristics
Principal Organ
238U
235u
'Th
Mineralized 
bone: 2 0  and 
5000 days.
Kidney and 
other
tissues: 6
and 1500 
days [118].
Toxicity of kidneys due 
to soluble uranium 
compounds such as 
uranyl fluoride
(UO2F2); uranyl nitrate 
hexahydrate 
(U02(N03)2 X 6 H2O); 
and uranium
tetrachloride (UC14) is 
clearly the most 
chemical damage and it 
is likely to be more 
limited than radiation 
damage [139,140]
Bone and
kidneys [118].
230 .
■225^
Bone: 8000 
days, liver 
and other 
tissues: 700 
days, 
transfer 
compartmen 
t: 0.5 day 
[118].
Tends to retain in skeleton, 
liver and other tissues and 
accumulate on bone surface 
[141].
Hydroxides and oxides 
are insoluble. Nitrates, 
sulfates, chlorides, per- 
chlorides salt are 
readily soluble.[l 18]
Bone
[118]
surface
Ra
228Ra
Retention is 
described by 
a
complicated
power
function
equation
(ICRP
Publication
20, 1973)
[142].
About 80% of the ingested 
radium will rapidly released in 
faeces. The residual radium 
will be absorbed into the 
bloodstream and then 
deposited heterogeneously in 
the teeth and bone. 70 % of 
the deposited ^^^Ra in bone 
will be diffuses into the blood 
and exhaled through the 
progeny, ^^^Rn before it 
decays to its short-live 
progeny (^^^Po, ’^'^Pb, ^^^Bi 
and ^‘"^ Po). While there will 
be no loss in ^^^Ra progeny 
^^°Rn because of the short 
half-life (56 sec). In 
inhalation, radium will be 
deposited in the lungs for 
several months and gradually 
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Radium is chemically 
similar to calcium
(Alkahne earth metal), 
absorbed from the soil 
by plant uptake to 
humans and behaves 
similarly to calcium in 
the human body [118].
Mineralized 
bone volume 
and teeth. [118]
â iïd
its
daughters: 
Po
will be absorbed into the 
bloodstream [118] [133]
[143]. Radium concentration 
in bones will be below than 
10% in a few months and to 
1% and less in a few years but 
it remains in the bones 
throughout the hfetime [143].
218
214
214
Bi
Pb
Fast
solubility:
10 min, 
Moderate 
solubility: 
100 min and
The short-live progeny of 
Bi and
140
[144].
days
TT7
222Rn (218pQ ^ 'T b ,
*^"^ Po) are responsible for 99% 
of the lungs dose because all 
the inhaled gas is subsequently 
exhaled, while the inhaled 
aerosol will mainly be 
deposited in the lung and 
decay there in less than half an 
hour before being absorbed 
into the bloodstream or 
transport to the Gl tract. This 
quick deposition causes 
relatively a high dose from the 
internal exposure. The damage 
in the lungs will be primarily 
due to ^^ P^o, '^"^ Po which 
decay by alpha emission with 
an intensity of almost 100%
[145].
A radioactive noble gas. Lungs (from its 
progenies)
[118].
Cs 110 days 
[118].
Cs concentration in biological 
materials is relative to the K 
content. Cs is absorbed 
readily and uniformly in the 
human body. Up take in clay 
soil is limited because of its 
high retention in clay. Up 
take in fish depends on the 
potassium ion content in 
water [118].
Caesium is chemically 
similar to potassium 
(Alkali metal). It 
resembles potassium in 
the human body. *^ C^s 
is more soluble in 
marine water than fresh 
water [133].
Whole
[118].
body
30 days 
[118].
Distributes uniformly through 
the body. Body burden 
decreases with age and 
muscles wasting diseases 
[118].
Whole
[118].
body
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Chapter 4 Methodology & Analytical 
Techniques
Gamma spectroscopy using either scintillation, and/or semiconductor detectors has been in 
use for decades in the identification and measurement of the level of activity concentrations 
of naturally occurring radioactive materials in soil and building materials [146]. At the 
present time, there are two main gamma spectrometer materials of major importance: 
Sodium Iodide (Nal), and High Purity Germanium detector (HPGe). Both of these 
spectrometers have their advantages and disadvantages. Nal offers higher detection 
efficiency, while HPGe detectors provide superior energy resolution [146]. Among 
semiconductor detectors, HPGe are preferred and more efficient in stopping and detecting 
high-energy gamma rays (compared to silicon detectors), because of its higher atomic 
number (Z=32) compared to silicon (Z=14) [86]. In the current work, the collected soil 
samples were analysed using a passively shielded HPGe detector to determine the levels of 
activity concentrations from and ^^^Th (and their decay progeny), the primordial
radionuclide and the artificially created fission product ^^^Cs in Qatarian soil.
This chapter discusses the principle of the two main y-ray analytical techniques and their 
applications. The operation of the HPGe detector will be discussed in detail. Finally the 
method used in determining; the level of activity concentration of and ^^^Th (and their 
decay progeny), the and ^^^Cs; Gamma Dose Rates (D); Radium Equivalents (Ra^q); 
External Hazard Indices (Hex); and Annual Effective Dose Equivalents (AEDE) of 
individuals living in the State of Qatar will be presented at the end of this chapter.
4.1 Gamma Spectroscopy
The detection method for gamma rays depends on the interaction of gamma-ray photons 
with the detector material. Each of the (main) types of gamma-ray interactions discussed in
Chapter 2 can occur within the detector volume, but the most significant types which play 
important roles in photon detection are the photoelectric effect and Compton scattering. For 
these interactions, the primary gamma-ray photons and/or the secondary scattered photon 
interact with the detector atoms and generate fast electrons within the detector volume that 
an energy proportional to that of the primary photon. These fast electrons can then generate 
secondary electrons as they travel through the detector volume. These secondary electrons 
can be collected to generate electrical pulses. The charges can be converted via a pre­
amplifier to a voltage, whose magnitude is proportional to the original gamma-ray energy 
deposited in the detector.
There are two distinct functions required in a workable gamma spectroscopy detector. First, 
the detector must work as a radiation converter medium with a reasonable probability of 
interaction to produce fast electrons, which themselves must be able to travel easily through 
the detector; second, the background noise in the detector must be low enough to collect 
only those electrons which represent the energy of the detected gamma-ray photons. These 
can be achieved if the detector can support a high electric field [73, 86] and operate at low 
temperature.
4.1.1 Scintillators (Nal)
Gamma spectroscopy systems that use Nal as a detector material are considered as 
practical, in-situ measurement systems [86] due to their room temperature operation. The 
electrons generated by the radiation interaction are transferred into photoelectrons indirectly 
to generate the electrical pulses [73]. The gamma-ray photons deposit their energy in the 
scintilator (a florescence material) resulting in the raising of atoms to exited states. The 
energy of the excite electrons from the valence band, which is generally full, to the empty 
conduction band across the energy gap is about 4 eV in Nal [73].
Eventually, the excited atoms lose their energy by emitting visible photons and the 
electrons drop back into the valence band. The visible photons emitted following this de­
excitation hit a photosensitive surface and photoelectrons are generated. Electrical pulses 
are formed by multiplying and accelerating the photoelectrons using a photomultiplier tube.
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Self absorption of visible photons in a pure Nal crystal can occur. In order to reduce this 
effect, and to increase the probability of transmission of visible photons, small amount of 
impurities, called "activators" are added to the crystal such as the element thallium (Tl). 
Adding activators to a pure Nal crystals to form Nal(Tl) increases the wavelength of the 
maximum emission of visible photons from 303 run to 410 nm [73] and reducing the self 
absorption of the scintillation light within the crystal [73].
a) Energy Resolution
One of the important properties of gamma-ray spectroscopy systems is the ability to 
distinguish between two discrete energies. This property is called the "Energy Resolution"
[86]. If we assume that an energy is being recorded from a monoenergetic source, the
energy resolution is defined as:
„ FWHM R = ----------
(4.1)
where FWHM is the width of the full-energy peak at half of the maximum of the full energy 
peak. This is linked to the standard deviation in a Gaussian or ‘Normal’ distribution by the 
relation [86]:
FWHM =235(7  (4 2)
The standard deviation, cr, for a Gaussian peak shape in the pulse height spectrum is then 
given by:
<t = JcVÎVF (4.3)
If Ho is the mean pulse height corresponding to the same peak {Ho) and F  is the fano factor. 
(The fano factor will be discussed in detail later in sections 4.2.3 and 5.1.3). Since the 
energy response of most detectors is approximately linear, the average pulse amplitude can 
be estimated assuming:
Ho = KN  (4.4)
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where Æ is a constant of proportionality and N  is the number of recorded events over a 
given observation period. From Eq. 4.2, 4.3 and 4.4 the energy resolution can be rewritten 
as follows:
where s is the energy required to create an electron-hole pair and N  is the number of 
electron-hole pairs. Energy resolution is conventionally expressed as a percentage defined 
at a given y-ray energy [86].
The peaks in spectra collected using Nal detector are relatively broad [73] compared to a 
Ge detector. The most significant causes of peak broadening in scintillators is due to the 
statistical fluctuations in the number of initial photoelectrons produced by the interaction 
[73]. The number of photoelectrons collected in the crystal- phototube of a scintillator 
varies from event to event. There is also usually a loss of some light during this process. As 
a result, the statistical variation in the number of the photoelectrons will lead to a 
fluctuation in the amplitude of the signal, producing a broadened peak. There are other 
sources of fluctuation that might contribute in broadening the peak such as electrical noise 
in the detector instrumentation and a drifting in operating parameters during the course of 
the measurement. These can be associated with instabilities in the PM tube and can also be 
affected by long-term counting, temperature and change in the counting rate. Another 
potential factor that might effect the energy resolution is the variation of the detector 
response over the active volume of the crystal itself [86].
b) Peak-to-total Ratio
In spectroscopy measurements it is important to consider the peak-to-total ratio which can 
be influenced by the number of interactions deposited due to the photoelectric effect in the 
full energy peak and the total number of interactions in the entire area under the spectrum, 
i.e., including Compton scattered events where the Compton scattered photon is lost from 
the volume of the detector. The peak-to-total ratio can be defined as [86] :
r = ^  (4.6)
^ to ta l
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where Speak is the intrinsic peak efficiency, and defined as:
number o f counts in the full energy peak
(4.7)
number o f radiation incident on the Detector 
stotal is the total intrinsic efficiency and defined as:
^  _  number o f counts in the entire area under the spectrum (4 8)
number o f radiation incident onthe Detector
This ratio can be simplified as follows:
- , . / X number o f countsinthe fu ll energy peak ..peak - t o -  total ratio {r) = -------------------       (4.9)
number o f counts in the entire area under the spectrum
4.1.2 P-type Coaxial HPGe Detector
High purity germanium detectors are referred to as HPGe or ‘intrinsic’ germanium 
detectors. Unlike Nal detectors, semiconductor materials like HPGe detectors transform 
photons into charge carriers directly [86]. P-type coaxial HPGe detectors which were 
chosen for use in the current study have a useful response range for y rays energy of 40 keV 
up to 10 MeV. They also have a high quality spectral, excellent peak symmetry, and a low- 
noise operation [147].
a) Detector Configuration
A Ge detector is usually constructed in either a cylindrical or coaxial geometry, a “p-type” 
detector has an n-type electrode on the outer cylindrical surface of a long germanium 
cylindrical crystal and a cylindrical p-type contact on the inner surface of an axial well in 
the core of the crystal, in which part of the central core of the crystal is removed. This 
configuration is called "closed-ended coaxial, and illustrated in Figure 4.1 [86].
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Figure 4.1: a) A cross-sectional view through the axis of a p-type coaxial HPGe cylindrical 
crystal. The outer electrode is extended over the flat front. Taken from ref. [148]. b) Cross 
section perpendicular to the cylindrical axis of the crystal (figure from ref. [86]).
The closed-ended coaxial configuration is preferred over the true coaxial geometry for two
reasons; (a) to avoid the leakage current that might be produced at the front surface of the
detector; (b) and to provide a planar front surface if fabricated with a thin electrical contact
which can increase the detection efficiency for weakly penetrating (i.e. low-energy)
radiation. On the other hand, the charge carrier velocity near the comer of the closed-ended
coaxial configuration may be effected by the reduced electric field and can be lower than
normal [86].
b) N-type Contact
At room temperature an idealized, pure germanium crystal will have some conductivity due 
the thermal excitations that can excite electrons from the valence band across the energy 
gap into the conduction band, leaving behind a vacancy "hole" (an unsaturated electrical 
bond). Figure 4.2 shows a schematic of the energy gap in semiconductors and insulators. In 
the absence of thermal excitations, idealized semiconductor and insulator materials have the 
same situation, in which the valence band is entirely full and the conduction band is entirely 
empty [86].
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Figure 4.2: Schematic of the energy band structure for electron energies in insulators and 
semiconductors (figure taken from ref. [86]).
To control the electrical conductivity in semiconductors, small amounts of impurities, 
called dopants, are added [73]. In the doping process, atoms with valences of five or three 
are added to the type four material semiconductor lattice in order to produce p-type and n- 
type contacts respectively, as shown schematically in figures 4.3a, and 4.3b. These contacts 
are very thin and made of electrically neutral materials. The letters ‘p’ and ‘n’ refer to the 
sign of the charge carriers.
In the case of n-type crystal, a small amount of valence-5 atoms such as phosphor (P), 
arsenic (As) or antimony (Sb) are diffused in the crystal lattice. Four of the free electrons 
form covalent bonds with the Ge atoms. The fifth electron can move through the crystal 
lattice and form a detached donor state just below the conduction bond [73], see figure 
4.3b. This type of semiconductor is called n-type, because of the excess number of negative 
charge carriers (i.e., electrons).
Conduction band
Donor ie i^ s
Donor electron
(a)
Valence band
(b)
Figure 4.3: Schematic of a) an n-type germanium lattice where the impurity atom 
(Phosphor) occupies a situational site in a germanium crystal; b) the corresponding donor 
level created in the germanium bandgap (figure taken from ref. [86]).
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c) P-type Contact
In a p-type semiconductor the charge of the excess (hole) carriers will be positive. This is 
due to the introduction of valence-3 atom impurities, known as acceptors. Such materials 
include boron (B), and aluminum (AI) which form covalent bonds with the semiconductor 
material and produce an excess hole in the crystal lattice [73]. In this case an acceptor state 
will be formed just below the valence band, as shown schematically in Figure 4.4 b.
A cceptor site
(a)
C onduction band
A cceptor leweâs
Valence band
(b ) '
Figure 4.4: Schematic of a) p-type germanium lattice shows the impurity (Boron) occupies 
a situational site in a germanium crystal, b) Corresponding acceptor level created in the 
germanium bandgap (taken from ref. [86]).
4.2 Operational Properties of HPGe Detector
HPGE detectors are operated at low temperature using liquid nitrogen (LN2), and with a 
reverse bias voltage of up to 4000V. These conditions are essential to achieve an optimal 
detection efficiency and energy resolution. This section discusses the characteristic 
properties of HPGe detectors and compares their performance operation relative to Nal 
scintillation detectors.
4.2.1 Cooling
The operation of HPGe detectors for gamma-ray detection requires cooling to temperatures 
below 120 K. Usually, these temperatures can be achieved by using LN]. The use of LN] as 
a coolant for HPGe detectors reduces the electrical noise caused by thermal excitation of
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electrons across the energy gap in the crystals which in turn will keep the excellent energy 
resolution of HPGe detectors [73]. The excitation process promotes an electron into the 
previously empty conduction band and also leaves a vacancy (i.e., a hole) in the previously 
full valence band. The combination of the two is called an ‘electron-hole pair’. The 
probability per unit time that an electron-hole pair is thermally generated is given by [86]:
f(r) = cr/"exp
I k T j
(4.10)
where T  is the absolute temperature. Eg is the band gap, k is Boltzmann constant and C is 
the proportionality constant characteristic of the crystal material.
In non-operational conditions, HPGe detectors can be kept at room temperature without 
affecting the crystal. This is in contrast to other (older) semiconductor detectors such as Ge 
(Li), and Si(Li) which must be kept cold all the times in liquid nitrogen at low temperatures 
otherwise the elevated temperatures will lead to the lithium migrating out of the lattice in 
the depletion region, making the crystal unstable [73].
4.2.3 Reverse Bias Voltage
Applying a large reverse bias voltage on the a detector has two effects; (i) on the drift 
velocity of the charge carriers, and (ii) on the size of the depletion region in the crystal [86] 
[73]. The drift velocity increases by increasing the bias voltage, which eventually saturates. 
The saturated velocity of the charge carriers in a HPGe detector are fast (10^ cm/sec) which 
reduces the time required to collect the charge carriers [86]. The second effect of applying a 
high bias voltage on the detector is on the size of the depletion region. It increases as the 
magnitude of the electric field which increases; the efficiency of the charge collection and 
the dimensions of the depletion region leads to an increase in the sensitive volume of the 
detector [73]. A HPGe crystal has a net impurity level of around 1:10^  ^ atoms/cc; with 
moderate reverse bias (typically a few thousand volts), the entire whole volume of the 
detector crystal between the electrodes becomes depleted and an electric field extends 
across this active region [148].
72
4.2.4 Energy Resolution
Radioactivity measurements can involve the analysis of complex gamma-ray spectra and 
HPGe detectors are usually the best choice to unambiguously identify spectral lines from 
decays in this environment [146].
The overall energy resolution of a HPGe detector is a contribution of three different factors 
[86]; (i) an inherent statistical spread in the number of the charge carriers; (ii) the variation 
in the charge collection efficiency; and (iii) a contribution due to electronic noise and drift. 
In a monoenergetic gamma-ray spectrum, the full width at half maximum, Wj, of the photo 
peak is then given by:
W \ = W ^ n + W ^ x + W ^ E  (4.11)
where Wd, Wx, and We are the partial peak widths associated with the effect of carriers 
statistics, charge carriers collection, and electronic drift respectively.
The most significant of these factors is Wd, which represents the inherent statistical
fluctuation in the number of the charge carriers. Wd can be written as [86]:
W ^D={235fF^E  (4.12)
where the is the fano factor of the energy required to produce an electron-hole pair. E  
represents the gamma-ray energy [86].
The second factor, W^^is due to incomplete charge collection. In large volume detectors 
with low average electric fields, the second factor can also be significant. If the applied bias 
voltage is increased, the number of incomplete charge collection is reduced significantly. 
However, a further increase in the voltage does not give rise to any further continued 
reduction once the drift velocity of the charge carries saturates.
The third contribution to effect the energy resolution is W ^ , which represents the 
broadening effect of all electronic components on the detector response.
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4.2.5 Detection Efficiency
Determining the full-energy peak y-ray detection efficiency of a y-ray detector using 
standard calibration sources and knowing its value to good accuracy are essential for the 
determination of levels of radioactivity in environmental samples. Detector efficiency can 
be categorized into two main classes: absolute and intrinsic [86]. In radioactivity assay 
measurements, it is most useful to characterize a detector by its absolute full-energy peak 
efficiency as opposed to the total absolute or intrinsic efficiencies. The full-energy 
photopeak absolute efficiency of gamma-ray detectors varies with photon energy, the solid 
angle subtended by the detector and the source-to-detector distance. It can be defined 
simply by Sabs, where
^ _  number o f counts recorded in the fu ll -  energy photopeak ^
total number o f gamma -  rays o f that energy emitted by a source
The intrinsic efficiency, £int, is the probability that a photon of a given energy incident on 
the front face of the detector will be completely absorbed [149] and can be written as:
^ _  number o f pulses recorded (4 14)
number o f radiation quanta incident on the Detector
The intrinsic efficiency is dependent on the material and sensitive thickness of the detector 
as well as the source-to-detector distance and the radiation energy.
4.3 Interaction of Gamma Rays with HPGe Detectors
The interaction of photons within a HPGe detector within its depletion region creates 
charge carriers (electron-hole pairs), which are swept by the effect of the electric field, 
created through applying a reverse-bias voltage to their collecting electrodes in different 
directions. A charge sensitive preamplifier converts the total number of the collected 
electrons to an electric pulse with a size proportional to the photon's energy deposited in the 
detector [73].
The process of photoelectric absorption, Compton scattering and pair production may all 
contribute to the observed response of a HPGe. The most common process that contributes 
to the full-energy peak are likely to be Compton scattering followed by photoelectric
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absorption of the scattered photon. The absorption of the full photon energy in a single 
photoelectric event is relatively rare for higher energy photons (>150 keV) [86] [150]. The 
most dominant contributor to the full-energy peak for energy above about 150 keV are 
multiple Compton-photoelectric events [150]. The Compton continuum is also a prominent 
part of HPGe detector spectra. Since the ratio of the Compton to photoelectric cross section 
is large in HPGe detectors, a significant fraction of all the detected gamma-ray interaction 
events lie in the Compton continuum rather than under the photopeak [151]. The peak-to- 
Compton ratio is sometimes quoted as one feature of HPGe detectors. It can be defined as 
the ratio of counts in the highest photopeak channel to the counts in a typical channel of the 
Compton continuum associated with that peak. The ratio is adversely affected by any 
scattered y-rays that enter the detector and therefore is also influenced by structural 
materials near the detector or source [86].
Single, double and characteristic X-ray escape peaks from the germanium atoms themselves 
can also be significant contributors to the observed response of the HPGe detector [86]. 
Escape peaks arise whenever a fixed amount of energy may be lost from the detector with 
significant probability [86]. Escape peaks associated with the escape of characteristic X- 
rays from germanium following a photoelectric event can be observed for low gamma-ray 
energies (-20-50 keV) due to (a) their relatively high probability of photoelectric absorption 
[151] and (b) the fact that these photoelectric interactions tend to occur close to the detector 
surface, thereby allowing a finite probability for the germanium K x-ray to escape the 
detector volume without further interaction [86]. For gamma-ray energies above 1.022 MeV 
(such as the 2.614 MeV line associated with the naturally occurring decay of ®^^ T1 to ^®^ Pb, 
see later), the probability of pair production process has a finite probability. This process 
leads to the creation of an electron-positron pair. When the positron nears the end if its 
track, it annihilates with a localized atomic electron and creates two back to back 
0.51 IMeV annihilation photons [151]. In finite volume germanium detectors, the 
probability that one or both of these photons will escape carrying away a portion of the 
original gamma-ray energy can be significant [86]. A double escape peak appears at an 
energy of 1.022 MeV less than the full-energy peak, while a single escape peak appear at an 
energy of 0.511 MeV below the full-energy peak [151]. Figure 4.5 shows the linear 
attenuation coefficient of germanium (Z=32).
75
1.00E+05 T
Attenuation of G e  with photon energy
 linear attenuation coefficient p
O  1.00E+02
C  1.00E+01
1.00E+00 - r
Photon energy (MeV)
Figure 4.5: The linear attenuation coefficient of germanium (Z=32) against the photon 
energy (this figure was plotted using data of mass attenuation coefficient of Ge taken from 
the XCOM database [152] cited in [153]).
There are different factors which control the choice of a suitable gamma spectroscopy 
system for radioactivity measurements; the resolving power which determines the 
complexity of the spectrum that can conveniently be analyzed; the detection efficiency 
which dictates the source strength necessary for the measurement of a spectrum; the 
simplicity of the arrangement and the ease of data accumulation; and secondary factors such 
as, the response linearity, the stability, the ratio of the photoelectric interactions to Compton 
interactions and the timing accuracy [154]. Since the natural radioactivity measurements 
conducted in ‘low-level’ detection laboratories which involve analyzing complex gamma- 
ray spectra with energies ranging from tens of keV up to more than 2.5 MeV HPGe 
detectors are more favourable than Nal detectors for this application.
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4.4 Measurements of Radioactivity
4.4.1 Activity Concentration
Since the counting rate is proportional to the amount of the radioactivity in a sample, the 
Activity Concentration (Ac) can be derived using Eq. 4.13, which can be rewritten for a 
specific full energy peak as the follows:
A x y
(4.15)
where Cnet are the net peak counts, y is absolute gamma decay intensity for the specific 
energy peak (including the decay branching ratio information) and s(Ey) is the absolute full- 
energy peak efficiency of the germanium detector at this particular gamma-ray energy. 
Then, the activity per mass unit (i.e., the activity concentration) can be defined as follows:
Ac = C (4.16)
/xg(E^)xm
where m is the mass of the sample in kg.
Recalling Eq. 2.5, then, using the activity concentration as calculated above, the number of 
radioactive atoms of a given radionuclide, N, can be determined using the expression:
AxT,1/2
In 2
(4.17)
where A is the activity and Tj/ 2  is the half-life of the specific radionuclide. The activity 
concentration is usually given in Bq/kg. Since the number of atoms in one gram atomic 
weight of the sample equals Avogadro's number the mass (m) in pg of the number of atoms 
= part per million (ppm), can be used to determine the number of atoms in the sample using 
the following equation:
m = radionuclide mass number X N
Avogadro's number
(4.18)
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From this expression, it can be shown, for example, that a concentration of 1 ppm (part per 
million) of Th and U in a samples corresponds to 4.04 and 12.36 Bq/kg, respectively, 
whereas 1% of K2O corresponds to 252 Bq/kg of [155].
4.4.2 Gamma Dose Rate
The outdoor air-absorbed dose rates due to terrestrial gamma rays at Im above the ground 
level can be calculated from ^^^Ra, ^^^Th and concentration values in soil assuming that 
the other radionuclides, such as ^^^Cs, ^^Sr and the decay series can be ignored as their 
contributions are expected to be negligible to the total dose from environmental background 
[156] [33]. The gamma dose rate {D) in the outdoor air at 1 m above the ground level can be 
calculated by the Eq. 4.19 [10]:
^  = (4.19)
where Ax (Bq/kg) is the mean activity of ^^^Ra, ^^^Th or Q  ( in units of nGyh"V 
Bq.kg"^) are the corresponding dose conversion coefficients which transform the specific 
activities into absorbed dose. In the current work, the considered dose rate conversion 
factors for ^^^Th and used in all subsequent dose rate calculations in soil are those 
determined by Saito et al. (1990) [157]. These conversion factors have been used previously 
for related calculations in the UNSCEAR (1993) report [33]. The dose conversion factors 
used in the calculation for ^^^Ra, ^^^Th and were 0.461, 0.623 and 0.0414, respectively 
[33]. These factors were originally derived from Monte Carlo calculation using 
mathematical phantoms [64]. In UNSCEAR 1993 and 2000 [2] [64] these conversion 
coefficients with respect to the building materials were determined by Monte Carlo 
simulation using the standard room model. Since this model is same as the typical Qatarian 
room geometry (4 m x 5 m x 2.8 m and thickness of walls, floor and ceiling and density of 
the structures are 20 cm and a density of 2350 kg.m"^ (concrete)), the dose conversion 
coefficients used in the calculation of ^^^Ra, ^^^Th and were 0.92, 1.1 and 0.08, 
respectively.
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In the above conversion factors, it is assumed that all the decay products of Ra and Th 
are in radioactive equilibrium [33]. The published maximal admissible (permissible) dose 
rate is 55 nGy/h [64].
4.4.3 Radium Equivalent Activity
Radium equivalent activity (Rogg) is used to assess the hazards associated with materials 
that contain ^^^Ra, ^^^Th and in Bq/kg [2], which is, determined by assuming that 370 
Bq/kg of ^^^Ra or 260 Bq/kg of ^^^Th or 4810 Bq/kg of produce the same y dose rate 
[158] [159] [66]. The Rueq of a sample in (Bq/kg) can be achieved using the following 
relation [158]:
=(Aj, x0.077) + (A^) + (A^ x l.43 ) (4.20)
The published maximal admissible (permissible) Ragq is 370 Bq/kg [2].
4.4.4 External Hazard Index
The external hazard index is an evaluation of the hazard of the natural gamma radiation 
[160]. The prime objective of this index is to limit the radiation dose to the admissible 
permissible dose equivalent limit of ImSvy”  ^ [161] and [42]. In order to evaluate this index, 
a model proposed by Beretka and Mathew in 1985 [159], [66] and [162] was used in the 
current study. This assumes the following relation:
= (A /3 7 0 ) + (A ^/259) + (A^/4810) < 1 (4.21)
This model takes into consideration that the external hazard which is caused by gamma-rays 
corresponds to a maximum radium-equivalent activity of 370 Bq/kg for the material [158, 
162].
This model did not take into consideration the wall thickness, and the existence of doors 
and windows. Hewamanna [163] modified the standard room model in order to take into 
account the effect of these parameters. The external hazard index equation becomes in this 
case:
H „ = { A j l A O )  +  ( A , j 5 2 0 )  +  { A , l 9 ( a O ) < \  (4.22)
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The external hazard index should be below the unity [42].
4.4.5 Internal Hazard Index
The internal hazard index should be less than unity for the radiation hazard to be considered 
negligible. Inhalation of alpha particles emitted from the short-lived radionuclides radon 
(^^^Rn, the daughter product of ^^^Ra) and thoron (^^^Rn, the daughter product of ^^ "^ Ra) are 
also hazardous to the respiratory tract. This hazard can be quantified by the internal hazard 
index [159] [164]. This is given by the following equation:
= K /1 8 5 )  + (A ./259) + (A^/4810) < 1
The internal hazard index should also be less than unity to provide safe levels of radon and 
its short-lived daughters for the respiratory organs of individuals living in the dwellings.
4.4.6 The Annual Effective Dose Rate
In order to estimate the annual effective dose rate in air, the conversion coefficient from 
absorbed dose in air to effective dose received by an adult must be considered. This value is 
published in UNSCEAR 2000 and UNSCEAR 1993, to be 0.7 SvGy'^ for environmental 
exposure to gamma rays of moderate energy [2, 10]. The outdoor occupancy factor is about 
0.2 [2]. The annual effective dose equivalent is given by the following equation [165]:
AEDEijuSv /  y) = D{nGy / h x 8760(A / y) x 0.2 x 0.7(Sv / Gy) x 10“'  (4.23)
For in indoor measurements (as the case in building materials) the occupancy factor is 
approximately 0.8 [2] and the equation (4.23) becomes:
AEDE(juSv / y) = D(nGy /  h x 8760(A / y ) x 0.8 x 0.7(Sv / Gy ) x 10“'  (4.24)
The world average annual effective dose equivalent (AEDE) from outdoor or indoor 
terrestrial gamma radiation is 0.460 mSv/year [2].
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Chapter 5 Estimation of Uncertainties
The main aim of the current study is to determine the value of the activity concentration for 
and ^'^Th (and their decay progeny), and ^^^Cs in soil and other environmental 
samples taken from the Qatarian peninsula. These values will be deduced indirectly using 
Eq. (4.16). The uncertainties of the parameters in this equation can be either: statistical 
(random) or systematical. The latter type of uncertainty occurs when the measurement itself 
promotes a consistent uncertainty in all the results or from literature sources. These 
uncertainties can be combined and considered as systematic uncertainties in the final result 
and are categorized as symmetrical systematic uncertainties (i.e. gamma-ray emission 
probability uncertainties [151]), or non-synunetrical systematic uncertainties if the results 
of a statistical measurements are used as a parameter in the analysis of the final values of 
the activity concentration [166] (i.e. counting uncertainties [151]).
The uncertainty u characterizes the range around the final value % where the unknown true 
value is expected to lie, usually written as x ± w [166]. A confidence interval is also usually 
quoted with the results of such a study called the expanded uncertainty. This can be 
obtained by multiplying the combined uncertainty by a suitable coverage factor [167]. In 
this case, the true value of activity concentration is covered by the interval between the 
limits x-u, and x+u to give a 1 o confident limit [166].
This chapter discusses the sources of uncertainties in the determination of the value of 
activity concentrations of and ^'^Th and their decay progeny and ^'^Cs in soil 
samples using the high-resolution gamma spectroscopy system. The method of how to 
quantify these uncertainties, environmental survey sampling and the detection limits of 
gamma spectroscopy are also discussed.
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5.1 Sources of Uncertainties
Identifying the uncertainty sources in gamma-ray spectroscopy techniques involving soil 
samples is an essential step for determining high-quality results. The sources of the standard 
uncertainties can be classified according to their origin into four categories [167]. These 
standard uncertainties are shown schematically in Figure 5.1:
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Figure 5.1: A diagram of possible uncertainties that could be considered in the 
determination of activity concentrations of and ^^^Th (and their decay progeny), 
and ^^ ^Cs in soil samples using high resolution gamma spectroscopy system (modified from 
[167]).
Some of the uncertainties are quantifiable before the start of the measurements, such as
uncertainties due to nuclear data and/or energy and efficiency calibrations. Other sources of
uncertainties, such as variations in the sample preparation and measurements of the test
sample, are quantified directly from the measurements. Not all of the above mentioned
uncertainties will contribute significantly to the combined uncertainty of the activity
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concentration. The most likely sources of uncertainties in the current study are discussed in 
the following section.
5.1.1 Sample Preparation
The sample preparation depends on type of samples under investigation. The soil samples 
were dried and sieved in order to achieve a uniform distribution of radionuclides and then 
moved to gas tight Maiinelli beakers. One source of uncertainty in such cases is the mass of 
the sample. This can be estimated from the precision of the balance used in the 
measurement process which was ± 0.0 Ig, or from control charts of repetitive 
measurements.
5.1.2 Energy and Efficiency Calibration
The purpose of energy calibration is to obtain a relationship between a peak position in the 
spectrum against the corresponding gamma-ray energy [167]. The energy calibration should 
cover the entire energy range of interest. The measured gamma-ray energies are only used 
to identify the nuclides in the spectra. Any uncertainty in the measured gamma-ray energy 
does not affect the quantification of the final combined uncertainty measurements.
The efficiency calibration aims to derive a relationship between the absolute full energy 
peak efficiency of the gamma-ray spectroscopy system and the energy [167]. The statistical 
uncertainty associated with the number of counts in the peaks, along with uncertainty in the 
nuclear data contribute to the combined uncertainty of the efficiency calibration.
5.1.3 Measurement of Test Samples
The most significant uncertainties in the final combined uncertainty are the ones that arise 
from the measurements themselves. The significance of each type of uncertainty which can 
occur from the measurement conditions in the current work are discussed below.
a) Uncertainty due to differences in counting geometries of sample and standards
In order to minimize the experimental uncertainties in the activity concentration
determinations, the counting geometry of the soil samples to be measured and standards
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sources used for efficiency calibration were kept constant. Figures 5.2 and 5.4 show the 
Marinelli beaker design used in the work presented in this thesis. A layout of the beaker and 
the standard sources which were used for efficiency calibration are presented in Figure 5.3. 
Their manufacturer's certificates are presented in Appendix A.
A-
T T 7
Figure 5.2: Example of a standard Marinelli beaker used in the current work, a 530G-E 500 
ml beaker.
Figure 5.3: The standard calibration sources containing “'*“Th (left) and ““^ Ra (right) which 
were used in the current work for efficiency calibration. These sources were prepared by 
High Technology Sources Ltd.
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Figure 5.4: Dimensional layout of a 530G-E 500 ml Marinelli beaker, modified from [168].
b) Uncertainty due to random coincidences
The loss in collected counts due to random coincidences of full-energy photons from a 
sample or standard source depends on the count rate. Since the study involved 
environmental soil samples and the activity of the standard sources used in the current work 
was relatively weak (less than 1 kBq per kg) the associated uncertainty from this effect can 
be neglected in the current work and the correction factor is taken to be equal to unity.
c) Uncertainty due to true coincidences
Generally, radionuclides which emit photons in mutually coincident cascades are not ideal 
for conducting the fit necessary to obtain the efficiency curve due to sum effects (such 
sources include the radionuclides ^^Co, ^^^Eu, ^^%u, ^^^Ba and [167]. The geometry for 
the standard sources used in the efficiency calibration and the marinelli beakers used for the 
measurement of the samples should be identical. The problem of nuclides decaying through 
a cascade of successive photon emissions from a source located close to the relatively high- 
efficiency gamma-ray detector used in the current work was not significant in the current 
study and the correction factor was close to unity. If the geometries of the calibration source 
standards and the sample sources are not identical, the problem of coincidence-summing
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effects can become more significant, and would have be treated, for example by the use of 
Monte-Carlo calculations of coincidence corrections [169].
d) Uncertainty due to dead time effects
Due to the relatively low count rate in the soil samples measured in this thesis, the 
uncertainties associated with dead time effects were assumed to be negligible. Table 5.1 
presents the count rate of the most intense y-ray transitions in the detector for the soil 
sample no. 254, and the standard calibration sources ^^^Th and ^^^Ra.
Table 5.1: Measured count rate of the most visible y-ray lines transitions in the detector for 
the soil sample no. 254 and the standard ^^^Th and ^^^Ra sources.
Decaying
radionuclide
Significant ___________________ Count rate (Cts/sec)
gamma-ray Soil sample #  Standard source 
energy (keV) 254 with a dead with a dead time o f
time o f 0.06 % 0.37 %_______
Standard source 
(^^^Ra)witha dead  
time o f  0.45 %
Ra
212Pb
T b
208 ,T1
186.21
238.63
351.93
583.19
2.1 XIO"
5.7 X 10-
4.2 X IQ-
1.5 X 10-
5.9
1.3
1.5
7.2
e) Uncertainty due to decay time effects
The effect of the finite time for the nuclide to decay between the time when the sample was 
collected and the start of the measurement, (and also during the counting time itself), can be 
accounted for if knowledge of measuring time, decay constant and counting time is 
available. The correction factors for d) and e) effects are given in section 5.2.
f) Uncertainty due to self-attennation correction
A self-attenuation correction factor should be applied to the efficiency parameters if the 
composition and the density of the sample to be measured differ from the efficiency 
calibration source [167]. The densities of the standard sources (i) NG3 mixture, (ii) ^^^Th, 
(iii) ^^^Ra, and (iv) ^^^Eu used for efficiency calibration were 1.6, 1.1, 1.1, and 1.6 g/cm^ 
respectively. The density of the soil samples to be measured ranged around these values. 
The absolute efficiencies of the soil samples can be corrected using the absolute efficiencies 
of the standard sources. Since the density and composition of the soil samples are close to
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the standard source used for efficiency calibration, this correction factor has been set to 
unity in the current work.
g) Uncertainty due to counting statistics
The most significant source of uncertainties in gamma-ray spectroscopy systems is the 
statistical uncertainty due to counting statistics in a full energy peak at a given energy in the 
sample spectrum, as well as in the background spectrum [167]. The net counts of the 
radionuclide energies in the efficiency and sample spectra were extracted using the GF3 
program from the RadWare software suite [5]. The net peak count values were used to 
calculate the efficiency and activity concentrations of soil samples.
Counting statistics are basically binomial. There are only two possible choices for each 
atom in the binomial distribution, i.e. to decay or not decay [151]. Under most counting 
circumstances, this binomial distribution is assumed to become a Poisson distribution [151], 
if the number of nuclei in the sample is large and the observation time is short compared 
with the half-life of the radioactive species [86]. If the mean value of the distribution is 
greater than -  20), the Poisson distribution can be approximated by a normal or “Gaussian” 
distribution [86]. If the total number of the possible events in binomial distribution is 
unknown, the Poisson distribution can be used in counting statistics.
It is important to derive a single parameter that can describe the degree of fluctuations 
predicted by a given statistical distribution [86]. The overall uncertainty of the measurement 
can be determined if the difference for all the measurements is taken into consideration. The 
sum of the square of the differences in the measurements can be used to calculate the simple 
variance in the measurement [151], i.e.,
var(x) = E(x) (5.1)
where E(x) is the expected value. A more convenient factor is the standard deviation, c, 
which indicates the spread of the values about the E(x)\
a  = ylyar{x) (5.2)
For a set of experimental data, the predicted variance cr^  [86], gives a measure of the scatter 
about the mean, predicted by a specific statistical model P(x):
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cj^= Ÿ ^{ x - x ŸP(,x ) (5.3)
%=0
where P(x) is the probability that a count of n will be observed given the expected number 
of counts E(x). The most likely number of decays is given by the following equation [151]:
E{x) = p n - x  (5.4)
where x i s  the mean value of the distribution in this case. The Poisson distribution has 
similar properties to the binomial distribution, however the probability p «  1 [151]. This 
type of distribution can be described by the following equation [86]:
(5.5)
x!
Equation (5.5) can be rewritten by using equation (5.4) as follows:
P(x) = ^ e - ~ ^  (5.6)
jc!
Then, the mean value of the distribution can be calculated from the following equation:
X = ^  xP(x) = pn  (5.7)
x= 0
By using equation (5.3), the predicted variance of the distribution can be evaluated as 
follows:
= ^ { x - x f P { x )  (5.8)
jc=0
<f = x  (5.9)
<7 = 4 ^  (5.10)
Thus, the predicted standard deviation of any Poisson distribution is simply the square root 
of the mean value that characterizes that same distribution [86].
There is also an uncertainty in the number of counts n that will be observed by the detector,
which corresponds to the electron-hole pairs generated in germanium [151]. The expected
number of electron-hole pairs that can be produced can be estimated by:
« = — (5.11)
£
where E  is the full gamma ray energy and e is the average energy required to create an 
electron-hole pair; n  is therefore an average number, since the energy required for the 
creation of electron-hole pair e  (in eV) is also an average [151]. The actual number of 
electron-hole pairs depends on the particular energy levels the electron is promoted to 
within the conduction band. In order to quantify this uncertainty, and to apply Poisson 
statistics we need to assume that the production of each electron-hole pair is a normal 
statistical state and the number of possible events is large and unknown [151]. Using 
equation 5.10, the expected uncertainty in the number of counts can then be written as:
(7^  =yf n =^ J ( E/ € )  (5.12)
The uncertainty in the creation of electron-hole pairs within a detector Wd can be converted 
to an energy uncertainty (FWHM) in keV by multiplying Equation 5.12 by 2.355 and 
dividing it by 1000:
W = 2 3 55X^(E x lO O O xs in eV)  11000 (5.13)
F W H M = 2 3 5 5 a  (5.14)
FWHM =0.12Sx^fË  (5.15)
Poisson statistics are valid if each individual event is independent of all of the others. The 
fano Factor [151] should be applied to correct for the difference between the idealised 
theory and the experimentally measured statistical variation. The fano Factor is defined as 
the ratio of the variance in the number of electron-hole pairs created, to the variance 
predicted by Poisson statistics [151]. The overall uncertainty in the energy measured by the 
spectroscopy system was discussed in Section 4.2. Then, equations 5.12 and 5.15 can be 
converted to the following equations:
Ge =^J(Fx E x €) (5.16)
FWHM =0A2»x  4  ( E x  F)  (5.17)
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F  in germanium ranges from 0.057 to 0.12 with a value of 0.058 often quoted [151]. The 
FWHM of the largest peaks in the ^^^Th and ^ ^^Ra spectra used for the efficiency calibration 
are shown in Figure 5.5. A best fit straight line has been drawn through the points in the 
plot.
Other terms that appear to be the most variable to effect the measurements such as the 
minimum detectable activity MDA [151] will be discussed in section 5.3.
2.5
1.5
•  Th-232
A Ra-226
500 1000 1500 
Energy (keV)
2000 2500 3000
Figure 5.5: The FWHM of the largest peaks in the spectra of the standard source ^^^Th and 
^^^Ra. (The straight line fit is to guide the eye).
5.1.4 Nuclear Data
Since the analyte in gamma-ray spectrometry systems are radionuclides, uncertainties in the 
evaluated nuclear data, such as the adopted decay half-life and absolute gamma-ray 
emission probabilities, contribute to the overall combined uncertainty of the activity 
concentrations. In most cases the uncertainty in the half life is generally rather small 
compared to the other (statistical) sources of uncertainty [167]. The data on decay half-lives 
and gamma ray transition branching ratios were taken for this study from evaluated nuclear 
data information using Evaluated Nuclear Structure Data File (ENSDF) Analysis Programs
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provided by the National Nuclear Data Center (NNDC) [170] and the related journal, 
Nuclear Data Sheets.
The most significant sources of uncertainty that should be taken into consideration in 
measurements of the determination of the activity concentrations of and ^^^Th (and 
their decay progeny), and ^^^Cs in soil samples using a high-resolution gamma-ray 
spectrometry system are summarized in Table 5.2.
Table 5.2: The significant sources of uncertainty for measurements of activity 
concentrations of and ^^^Th and their decay progeny, and ^^^Cs in soil samples 
using a high resolution gamma spectrometry system. This table is taken from [167].
Source o f  uncertain ty T ypica l uncertainty range  
(%)
T ypica l uncerta inty  
va lu e (% )
Counting (Statistical) 0.1-20 5
Emission probability uncertainty 0.1-11 < 2
Attenuation eorreetion 0.1-5 <1
Coincidence correction 1-15 <3
Half-life uncertainty 0.01 -1 <0.2
Detector efficiency 1-5 <2
Sample weight 0.01 -1 <0.5
5.2 Calculation of Uncertainties
The estimated contribution from each component described in the previous section to the 
final uncertainty is a vital step in quantifying the uncertainty. Considering each of the main 
correction factors that are usually applied in measurement of activity concentrations of 
gamma-emitting radionuclides in soil samples using HPGe spectrometry. Equation 4.16 
[ 167] can be re-written as :
A = N
" syt^mK^K^K^K^K^
(5.18)
where s is the efficiency at full energy peak energy, 4 is the live time of the sample
spectrum collection in seconds, m is the mass (kg) of the measured sample, y is the emission
probability of the specific gamma-ray line corresponding to the peak energy and N  is the net
peak area of the corresponding full energy peak, given by:
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N  = N ^ ^ N
tu ‘
(5 .1 9 )
Ns is the net peak area in the soil sample spectrum, Nb is the corresponding net peak area in 
the background spectrum and tb is the live time of the background spectrum collection in 
seconds. In the measurement of very low activity samples, the sample and background 
count time should be kept the same [171].
is the correction factor for the nuclide decay from the time the sample was collected to 
the start of the measurement. This can be evaluated using the expression:
-  exp  ^ In2-Ar^ (5.20)
■1/2 J
where At is the elapsed time from the time the sample was taken, to the beginning of the 
measurement, and Tj/ 2  is the radionuclide half life. Figure 5.6 shows schematically how
(little) the activity changes over the period At for a soil sample including ^^^Ra.
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Figure 5.6: The decay of ^^^Ra from the time the sample was collected to the start of the 
measurement showing the change in activity during At. (T1/2 for ^^^Ra = 1600 yrs)
K2  is the correction factor for the nuclide decay during counting period where:
9 2
1-exp (5 .2 1 )
where tr is the elapsed real time during the measurement. Figure 5.7 shows the change in 
activity during the counting period itself.
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Figure 5.7: Schematic showing the (negligible) reduction in ^^^Ra activity over a few days, 
counting time (tr).
K) is the correction factor for a self-attenuation in the measured sample compared with the 
calibration sample. This is defined as the ratio of the full energy peak efficiency, s(fi,E), for 
a sample with a linear attenuation coefficient n  and the full energy peak efficiency s(jUref,E) 
for a calibration sample with linear attenuation This ratio is represented as follows:
£(ju,E)
(5.22)
K4  is the correction factor for pulses lost due to random summing [172] cited in [167]. As 
discussed above, this loss is count rate dependent. This factor is given as:
K 4 = exp(-2R r) (5.23)
where t  is the resolution time of the measurement system which is approximated to be 20 
ps, and R is the mean count rate.
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Ks is the coincidence correction factor for those nuclides decaying through a cascade of 
successive photon emissions, and defined as the ratio of the corresponding apparent 
efficiency 8ap (E) to the full energy peak efficiency, e(E) , i.e.,
= (5.24)
e ( E )
Table 5.3 represents some values of the correction factors of ^^^Ra in one of the soil 
samples.
Table 5.3: Estimated values of the correction factors for ^^^Ra in a typical soil samples used 
in the current work.
Correction Factor Value o f Correction Factor 
fo r  ^^^Ra
Kj Decay Correction Factor (from collection time to 0.99
the start of the measurement)
K2  Decay Correction Factor (during the measurement 0.99
itself)
K3  Self-attenuation Correction Factor 1 '
K4  Random Summing Correction Factor 0.99
Ks Coincidence correction factor 1
From the previous discussion, it can be concluded that not all of the above mentioned 
uncertainty components will contribute significantly to the combined uncertainty of the 
final result of the activity concentration. This means that it is possible to eliminate those 
factors which are not significant from Equation (5.18), which then reduces to:
N4  = — ^  (5.25)
m
Each of the quantities in equation (5.18) has an associated uncertainty. The combined 
standard uncertainty of the final result can be derived by applying Gauss “error propagation 
law“ [167]. The combined standard uncertainty of y, Uc (y), is calculated in terms of the 
component uncertainties, u(xi), as follows:
* For low energies, K3 has been set to the unity in the current work.
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u 3 y ( x ^ , . . x j )  = E
1=1
(5 .2 6 )
where y(xi, X2 , ..%J is a function of several quantities x i , X2  If Equation 5.26 is applied 
to Equation 5.25, the combined standard uncertainty of A, Uc, is calculated in terms of 
component uncertainties, m, N, y, s, t, and K  (if required) as follows:
uAA)
\ m )
uN 
y N  j
+
u y
7 .
+
(uK
y K
(5.27)
where
uAK )
K
uK^
X
r
+
uK^
Y ~
+ +
uK^
V -^4 y
A' r
+
uK.
y K s j
(5.28)
The unknown value of the activity concentration is believed to lie in the interval A ± A A
where AA is the relative expanded uncertainty, A x , with a confidence level of
A
approximately lo.
5.3 Detection Limits
In low-level radioactivity measurements, it is important to quantify the minimum activity 
that can be detected reliably. This is generally known as the minimum detectable activity 
(MDA) and refers to the measurable minimum activity that can be detected using gamma- 
ray counting with a certain degree of confidence [86]. An evaluation of the activity 
associated with the blank sample is one of the most crucial quantities in trace measurements 
of radioactivity, practically for low level measurements where the unknown result may lay 
close to the detection limit [167]. An adequate number of full scale realistic blanks must be 
analyzed and care should be taken into to maximize the precision of the blank estimation, 
[167].
A specific activity level is defined for making a decision as to whether sample contains 
activity, namely the “critical level” (Lc). According to Currie, Lc, is "defined as the level of
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the net signal above which the gross can be considered to statistically differ from the blank, 
or background signal" [171]. The critical level Lc is given by:
(5.29)
where ka is the coverage factor being employed, and Onet is the standard deviation of 
Gaussian distribution for the number of counts in the blank. This can be derived from the 
relation:
(j'^ net = d^ S+B + (5.30)
where ds+B represents the variance of the signal and the variance of the blank. If 
G^ net is approximately independent of the signal level [173], then:
G^ net = g '^ S+B + G^ B = IG^B (5.3 1)
For a single count, g^  =B  [173], and hence [151]:
G\et = 2B (5.32)
If the widely accepted model for confidence level of Currie is implemented [173], there is a 
95% confidence that if the net counts resulting from the unknown soil sample (Ns) is greater 
than the critical level, Lc, a real, additional net activity ( above the background) exists in the 
sample [166]. In other words, the probability of making an error (i.e., a false positive) in 
assuming a signal has been detected where no signal is actually present, is less than 5%. If 
the net counts Ns is less than Lc, the sample does not contain any activity above this limit at 
the 95% confident level [86]. This type of error is called a  [171]. The net counts, Ns, of an 
unknown sample is given by:
(5.33)
where Nb is the number of counts recorded with a blank sample and N t is the number of 
counts recorded with the unknown sample [167].
If a Type II error, (i.e., a false negative) p, is implemented, then the possibility of not 
detecting the signal where one exists has to be taken into consideration. The detection limit.
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Ld, can be defined as a level of true net signal (counts) that, if present, will be detected with 
a given probability [171]:
=L^+k^.Gnet=Lc+k^'42B  (5.34)
where k^ is the coverage factor being employed in this case. If the risk of making both 
types of errors are set to be equal [173], then:
kfx — kp — k
and thus:
L ^ = 2 - y = 2 - k . 0 ^ = 2 k - y i B  (5.35)
In this case, the detection limit is simply twice the critical level. Assuming that risks of a 
false negative of 5% or less are acceptable, the coverage factor k then, takes the value of 
1.64 [173].
If no activity is present, a binomial distribution is assumed in place of a Poisson distribution 
for estimating counting uncertainties. The critical level for 95% confidence is given by the 
following equation according to Currie [171, 173]:
4=1.64V 2B = 2.33Vs (5.36)
For more than one peak:
L,= 2.330-5 (5.37)
If there is some activity in the unknown sample, the uncertainties on counting are assumed
to be governed by the Poisson distribution. In this case, the minimum number of the net
counts should meet the condition that the probability of false positive is less than 5%, and 
Equation 5.34 can be given as follows:
1^=21,, =4.650-5 (5.38)
To convert the Ld into counts to the minimum detectible activity (MDA) in Bq, Equation
4.16 needs to be applied, therefore:
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MDA(Bq) = - ^  (5.39)
e y t
where y is the emission probability per disintegration of the selected gamma-ray line; e is 
the absolute full peak efficiency of the corresponding gamma line; and t is the live time of 
the spectrum. Using the previous equation, the MDA per unit mass (with mass in kg) can be 
calculated using:
M DA(Bq/kg) = -----^ -----  (5.40)
eytm {kg )
The MDA values as a function of efficiency were determined using de-ionized water filled
in Marinelli beaker. The measured values are presented in Appendix B of this thesis.
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Chapter 6 Soil Sampling and Sampling 
Preparation
This Chapter explains the sampling plan, the methodology used to select the soil samples 
locations, the numbering scheme, collection steps and items required in field visits in order 
to collect small but informative soil samples which adequately represent the soil and the 
underlying geology of the area being investigated. These should accurately characterize the 
conditions of the site and reflect the concentration of the natural radionuclides over the 
entire area (i.e., they should make up a ‘representative sample’ of the area under study). The 
main objective of representative soil sampling is to obtain statistically significant data about 
the soil quality for a specific location. This is the first issue that should be taken into 
consideration when activity concentration data are required [174]. The sampling preparation 
of the representative soil samples which have been collected from the proposed locations 
are discussed in this Chapter. The soil samples were collected following procedures 
described by the IAEA's report on Soil Sampling fo r  Environmental Contaminants [174].
6.1 Soil Sampling (Why, where, and how)
There are four general steps involved in soil sampling [174]. Documenting ( ‘Why’) and 
designing (‘How’) a suitable soil sampling plan for the determination of the level of 
naturally occurring radioactivity in the soil system, are vital steps in soil sampling.
6.1.1 Documenting a Sampling Plan
The first and most important section in documenting a sampling plan is stating clearly the 
measureable objectives [174] (which will also be essential to determine if the study was
ultimately successful) and for developing sampling plans in order to provide useful data 
from the collected soil samples.
This study aims to establish a baseline value for the level of natural radioactivity from soil 
for the State of Qatar, and determine the activity concentration in the dry mass, in units of 
Bq/kg. In detail, the original study aims are:
1. To provide a adequate number (130) of samples and respective measurements to ensure 
that the mean activity concentrations of and ^^^Th (and their decay progeny), and 
^^^ Cs in soil samples in the Qatarian soil across the country can be compared with the 
published world-wide values;
2. To assure that there are no “hot spots” where the AEDE would exceed 460 pSv/yr [2] 
which might adversely affect the health of humans living in these areas;
3. To estimate the distribution (i.e., variability) of activity concentrations of and 
^^^Th and their decay progeny and and ^^^Cs across Qatar ;
4. To collect approximately 130 soil samples representing the soil types in each area; and
5. To complete this research project within four years.
6.1.2 Sampling Plan (Approach)
The selection of a sampling approach which is suitable for collecting a representative set of 
soil samples is an important issue in soil sampling. The approaches for sample collection of 
representative soil samples include six approaches: judgmental; stratified; random; 
systematic grid; systematic random; search; and transect [174]. In some cases, following a 
single sampling approach is enough to collect representative samples. However, when the 
proposed locations for collecting samples do not represent the entire area, a combination of 
two or three of these approaches may be followed depending on the type and distribution of 
the elevated area or contamination.
The presence of NORM in the terrestrial composition of the natural background depends 
mostly on the geological composition of the soil and types rocks. Therefore, accurate 
measurements of the radioactivity level in soils are important for understanding changes in 
the natural radiation background as a function of geographical location and time [50]. A
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systematic sampling plan which has been widely accepted and potentially increases the 
accuracy of soil tests was followed in this study. It was also preferred for the sample 
mapping procedures [175]. However, upon the sampling field visit and following the 
preliminary analysis of the results of this study, the most suitable approach was found to be 
a combination of (i) systematic grid sampling and (ii) systematic random sampling. This 
was due to restrictions in collecting the samples from some of the grid points.
Systematic grids sampling is a scheme in which selected units are at regular distance from 
each other and attempts to guarantee a complete coverage of a soil population [174]. The 
sampling points were identified by subdividing the total area of the State of Qatar using a 
square grid and collecting samples from the intersections of the grid lines. The origin and 
direction for placement of the grid was done using an initial random point located at the 
extreme north east point of the entire investigated area. From this point, a coordinate axis 
and grid was constructed over the whole area. Figure 6.1(a) illustrates a systematic grid 
sampling approach.
In some cases, when the selected sampling points were found to lie at commercial or private 
constructions, or could not be physically reached, a systematic random sampling approach 
was found to be a flexible alternative. The area of concern was subdivided using a square 
grid as described in systematic grid sampling. The sampling points were shifted during the 
field visit from within 2.5 to 5 km of the intended selected points to the nearest 
representative points. This approach was found to be useful for estimating the average 
concentration within specific grid cells. The soil samples were collected from each cell 
using the random sampling approach. This approach is also useful for the isolation of cells 
that may require additional sampling and analysis (i.e. 228 grid point, see Section 6.1.5), 
and is sometimes also referred to as stratified random sampling [174]. Figure 6.1(b) 
illustrates a systematic random sampling approach.
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Figure 6.1: (a): A systematic grids sampling approach, (b): A systematic random sampling 
approach (taken from ref. [174])
In a few cases a subjective judgmental sampling approach was followed to collect 
representative soil samples at selected spots because there was evidence of elevated activity 
concentration. Oily looking soil (i.e., visual judgement), and historical site use (i.e. sample 
no. 228) were used to ‘pre-identify’ potential areas having higher radioactivity 
concentrations. According to IAEA-TECDOC-1415 [174].
"However, although judgmental samples are not necessarily representative samples, in the 
sense that they represent the presence and concentration levels o f the target analytes o f the 
whole site, they are still intended to be representative o f that sub-portion o f the site being 
investigated".
Random sampling may be used as well within the specific area of concern. The sampling 
points should be selected randomly and independently [174]. Figure 6.2 illustrates a random 
sampling approach. Collecting random samples is necessary in order to make probability or 
confidence statements about the sampling results. A random sampling approach is suitable 
for the areas where the site is suspected to be homogeneous with respect to the parameters 
to be monitored [174].
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Figure 6.2: A random sampling approach, (taken from reference [174]).
6.1.3 Selection of Sampling Points and Numbering Scheme
The State of Qatar occupies a total area of 11,437 km^ extending approximately 235 km 
north-south, and 95 km east-west. It is situated between (25,30) north latitudes and (51,15) 
east longitudes. It shares a geographical border with the Kingdom of Saudi Arabia to the 
south. The surface of Qatar lies over a geological formation comprising a sequence of 
limestone, chalk, clay and gypsum [176]. This formation forms the largest part of Qatar's 
surface geology as shown in the geological map of the State of Qatar in Figure 6.3.
As stated by Jeffrey S. Jacobsen [177]
"As the number o f cores increases, the error, or chance o f obtaining an inaccurate estimate 
o f the average soil test value decreases".
However, practically speaking, the finite duration of the current research project and the 
total area of the state of Qatar, governed the physical distance between the sampling 
locations, and the number of soil samples which were collected. The typical, regular sample 
location was chosen to be 10 km apart. Thus the total sample size amounted to 
approximately 130 cores from across Qatar. A map of the state of Qatar, illustrated in 
Figure 6.4 shows the sampling points located at regular intervals on grids of 100 km^ area. 
The soil samples measured in the current work were collected from sampling points which 
were located at regular intervals of a 1 per 100 km^ square grid, according to Qatar National 
Grid (QNG). These points were set up, and marked as sampling points using Ariview 9 
software [178] and a GPS Map 276C manufactured by Garmin (see Figure 6.5.).
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Figure 6.3: Geological map of Qatar, (taken from the Ministry of Environment, Doha, Qatar 
[36]). A description of the legend is given in Appendix C.
The numbering scheme plotted on the map starting from number 1 with an interval of 10 
km showing orientation at north using the above mentioned software, taking into account 
the elimination of those sampling points located over the sea.
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Figure 6.4: Map of the State of Qatar shows the sampling points located at regular intervals 
on grids with a regular grid distance of 10 km. This map was created using Arc View 9 
software [6].
6.1.4 Field Visit Items
The sampling equipment used for collecting soil samples are listed in Table 6.1.
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Table 6.1 A list summarizing the sampling equipment used for collecting soil samples.
# Sampling Equipment Purpose of use
1 A handheld GPS map To locate the sampling points.
2 Aluminium sieve, size 2 mm. To eliminate the unwanted particles with mesh size 
greater than 2 mm.
3 Polyethylene sampling bags with 
two white panels, size 5kg.
To save the soil samples during shipping.
4 Maps Sampling info.
5 Working gloves For health protection
6 Sampling protocol Sampling info.
7 Sealing device To be used before shipping the samples.
8 Pre-prepared labels For documenting sample's details
9 Waterproof marker-pen For documenting sample's details
10 Field notebook For documenting sample's details
11 Stainless steel Scoop Sampling tool
12 30 cm steel Ruler To measure the depth
13 Stainless steel spoon Sampling tool
14 Stainless steel Shovel Sampling tool
15 Stainless steel Collecting pan Sampling tool
16 Dust masks For health protection
17 Waterproof wide tape To protect the written sample details on the labels 
from moisture.
6.1.5 Steps at Site/During the Visit
The method of collecting samples can influence its representativeness. According to IAEA- 
TECDOC-1415 [174].
"The greater the number o f samples collected from a site and the larger the volume o f each 
sample, the more representative the analytical results can be".
The finite number, mass and volume of the samples collected in this work were limited by 
sampling budgets, finite research schedules and other considerations. The following 
sections provide guidelines on the selection of samples locations, and appropriate sample 
numbers and volumes to be collected.
a) Sample location
To avoid potential sampling bias, the exact spot for collecting a soil sample was, where 
possible, selected using a handheld GPS unit, (see Figure 6.5). If the exact planned spot for 
collecting the soil sample was found to be (i) obstructed by rocks or dumps; (ii) a private 
property, building roads and bridges; or (iii) disturbed soil sites such as an agricultural 
production area or construction areas where the topsoil had been covered, then the spot
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location was moved into the nearest representative spot. According to the IAEA-TECDOC- 
1415 [174]:
” Specialized areas, such as dead or back furrows, manure piles, fences, roads, eroded 
knolls, low areas, salty or wet spots and other variable areas should be sampled separately 
or avoided”
The spot grids along with the sample serial number were documented in a field notebook 
together with the GPS position. The number of samples differs according to the sampling 
approach intended to be used. For example, three-digit serial numbers were used for 
numbering samples collected at each grid node for 1 per 100 km^ interval, e.g., 001. If the 
sample spot shifted into another spot for the reasons described above, the letter X was 
added to the sample number to become for example XOOl.
If the experimental results showed an elevation in the activity concentration in a particular 
spot, extra soil samples from the adjoining grids were collected systematically at an interval 
of 1 per 1km to define areas of contamination or elevated radiation. Judgmental and/or 
random sampling approaches were also followed in some cases. For any of these alternative 
sampling approaches, another numbering scheme was followed with two digits added to the 
spot number, i.e. Ol/XOOl.
b) Sample collection
1- Soil
In order to collect soil samples of appropriate volume and mesh size, the following 
procedures were followed:
• A total of at least 1.5 -  2 kg of soil was collected at 5 to 25 cm depth levels at each spot, 
with an extended surface of 15 cm, using shovel and scoop. Since the presence of 
extraneous materials which are not relevant for the soil samples may introduce an error in 
the analytical results [174], glass pieces, twigs, stones, or leaves were eliminated from the 
soil samples. Each sample was transferred first to a 2 mm sieve fitted in a collecting pan.
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Figure 6.5: A handheld GPS map (276C) manufactured by Garmin.
• The post-sieved samples were then filled into labelled polyethylene bags and sealed. 
The information of each sample was documented separately in prepared labels and stuck 
with a waterproof, tape on each sample bag. The labels included soil information such as; 
sample ID, grids according to QNG, location (legal description), depth level, sampling date, 
name of sampler, and any other pertinent remarks, see Figure (6.6). A waterproof marker 
pen was used to write the sample serial number, type of sample, and grids on the white 
panels of each bag.
Sam ple ID
G rids(Q N G )
Location
Depth
Sam pling D ate
Sam pler
R em arks
Figure 6.6: A  sam ple label.
• Before leaving the sample location, the sample information, along with any remarks 
related to, the sample's collection, volume, depth, the soil's condition, general observations 
and difficulties were documented carefully in the field notebook (see Appendix D).
• The spot colour in the GPS system was chosen to be either blue to green. Blue spots 
represented uncollected samples, while the green spots represented the collected samples. 
These steps were repeated for all the collected samples taking into consideration cleaning 
the sampling tools before collecting each new sample by the soil itself of the new location 
to prevent soil-to-soil contamination (see Figure 6.7).
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Arriving at 198
Figure 6.7: The sampling points in the GPS.
• The filled bags were sealed using a heat sealer, backed in a box and shipped to UK, (see
Figure 6.8).
Figure 6.8: The soil samples filled in polyethylene bags.
• The final sample preparation and all the gamma-ray measurements to determine the 
sample radioactivities were performed in the radiation detection laboratories of the Centre 
for Nuclear and Radiation Physics, situated within the Department of Physics at University 
of Surrey, Guildford, UK.
• Due to the finite time for sample collection, an initial 8 top-soil samples at depths 
between 0 and 5 cm were collected from soil spots in the north region of the State of Qatar
g O Q g g c 1'î'7____________________________________________________ _
for U to U ratio, and Cs analyses, following the same steps mentioned above. Figure 
5.8 shows the locations of top-soil samples.
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Figure 6.9 The locations of initial top-soil samples on the map of the state of Qatar. This 
map was created using Arc View 9 software [6].
Figure 6.10: The locations of the 33 soil samples investigated with interval of 1:1 km in the 
west of Qatar (North of Dukhan) as a result of elevated levels of ^ “^ Ra found in the 
representative sample of this area. This map was created using Arc View 9 software [6].
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2- Building materials
Fifteen samples of four different commonly used buildings materials in Qatar (such as 
Saudi cement, white cement, sand and washed sand) were collected directly from houses 
and buildings under construction. Other samples of Qatarian cement, raw materials used as 
its main constituents and samples from the minor additives of the Qatarian cement were 
collected from the main cement factories in the State of Qatar and from dwellings under 
construction. The samples were then filled into labelled polyethylene bags, sealed, packed 
in boxes and shipped to the UK.
6.2 Sampling Preparation
6.2.1 Soil Samples Preparation
Prior to final measurement in the laboratories in Guildford, the samples were placed in a 
drying oven. Since the organic constituents are not considered in this study, the drying 
temperature was increased to 60°C for 24 hours to ensure that any significant moisture was 
removed from the samples. To obtain uniform particle sizes, a 500 pm mesh was then used 
to sieve the samples which were then weighed and transferred to 550 ml labelled Marinelli 
beakers as shown in Figure (6.11). Finally, the samples were stored and kept sealed for 
about one month in order to reach radioactive secular equilibrium (> 7 half-lives of ^^^Rn 
and ^^^Rn). The soil samples with particle grain sizes greater than 500 pm left in the sieve 
were filled separately in polyethylene bags which were labelled, and sealed for further 
investigation on particle size and its relation to the radioactivity distributions of and 
^^^Th (and their decay progeny), and ^^^Cs in the soil samples.
I l l
..
Figure 6.11: A typical Marinelli beaker filled with soil sample and sealed.
6.2.2 Samples Preparation of Building Materials
The final sample preparation and all the high-resolution gamma-ray spectrometry 
measurements used to determine the sample radioactivity were performed in the low- 
background radiation detection laboratories of the Centre for Nuclear and Radiation 
Physics, at the University of Surrey. Prior to final measurements in the laboratories, the 
collected samples were placed in a drying oven. The drying temperature was set to 60°C for 
24 hours to ensure that any significant moisture was removed from the samples. The 
samples were then weighed and transferred to 550 ml labelled marinelli beakers and stored. 
The sealed samples were then kept for about one month in order to establish radioactive
000 oou oo^secular equilibrium between Rn and Rn and their respective parent nuclei, Ra and
6.3 Sample Homogenization
Sample homogenization ensures that portions of the samples which were filled in the 
Marinelli beakers are representative the entire collected sample and identical in its 
composition. According to IAEA-TECDOC-1415 [174].
"Homogenization is the mixing or hlending o f a soil sample in an attempt to provide 
uniform distribution o f contaminants".
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Incomplete homogenization would increase the sampling error [174]. Soil and building 
materials samples can be homogenized by using a mechanically operated stirring device. 
The samples in the current research were manually homogenized during the sieving process 
using the sieving pans illustrated in Figure 6.12, and then by using a stainless steel spoon 
and a stainless pan.
Figure 6.12: The sieving pans used in the current research.
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Chapter 7 Experimental 
Detector Calibration
Arrangements and
7.1 Experimental Arrangements
The soil samples in the current study were analysed using a high-resolution, low- 
background gamma-ray spectrometry system based on a coaxial hyper-pure germanium 
detector (HPGe). A crystal of 50 mm diameter was operated under a high voltage, bias of 
4-3000 V (DC).
The unwanted ambient radioactivity from room background sources was reduced by 
surrounding the detector with a cylindrical passive lead shield of about 10 cm thickness. 
The Pb shield incorporated an internal copper layer on the inner surface of the shield (which 
directly viewed the gamma-ray detector) which significantly reduced the effects from 
photo-fluorescence of the Pb (i.e. absorbed the Pb K« and Kp X-rays) from gamma rays 
emitted from the source material, (see Figure 7.1).
Figure 7.1: The coaxial high purity Ge (HPGe) detector surrounded by lead shield of about 
10 cm thickness.
The gamma-ray spectra which were analysed were created through converting the event
energy into a pulse height spectrum. The signal processing was done by connecting the
detector to a preamplifier and a standard spectroscopy shaping amplifier (Canberra 2022).
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The selected shaping time was 4 ps. The applied course gain and fine gain were 10 and 0.5 
respectively. Finally, the resultant spectral data was taken directly to the PC to be 
introduced using Canberra Genie software [179]. Figure 7.2 shows schematic diagram of 
the high-purity germanium detector set up.
Pre Amp
D ata P rocessing (Com puter)
Figure 7.2: Block diagram of the equipments set up of high-purity germanium detector.
7.2 Detector Characterization
The performance of the HPGe detector used in the current work was characterized by the 
energy calibration and its absolute full energy peak detection efficiency. The initial energy 
calibration of the detector was carried out using full-energy peaks peaks from a standard 
source (^^^Eu) with an activity of 3.02 kBq. The spectrum was acquired for 1200 seconds. 
The range of energies included 121.78 keV, 344.27 keV, 778.90 keV, 1112.05 keV and 
1407.92 keV were selected to calibrate the initial energy scale of the program. In order to 
avoid any drift in the afterward soil samples measurements, the system was recalibrated on 
a weekly basis during the sample measurements. ^^ ^Bu was selected for the energy 
calibration because of its wide range of energies and relatively long half-life of 13.542 
years [180].
The absolute efficiency calibration of the detector were carried out using full energy peaks 
from four standard sources of ^^^Ra, ^^^Th, ^^ ^Eu and NG3 (a mixed source containing 
^^Co, ^^Co, ^^Sr, ^^^Cd, ^^^Cs, ^^^Ce, and ^°^Hg). The sources were placed
surrounding the germanium detector with the radionuclides dispersed in gel matrices within
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marinelli beakers of geometries identical to that of the evaluated samples. The source 
activities of ^^^Ra, ^^^Th and ^^^Eu were 3.10, 1.08, 3.02 kBq respectively for active 
volumes of 550 ml each and were spread homogenously in gel matrices of densities 1.1, 
1.1, and 1.6 g/cm^ respectively. These were taken to be representative of the density of the 
samples measured and therefore, corrections for gamma-ray self-attenuation within the 
samples are accounted for in the initial efficiency measurements using these marinelli- 
housed sources. The efficiency calibration spectra were acquired for 86,400 seconds (= 1 
day) each. A range of discrete gamma-ray energies from 0.059 MeV (from the decay of 
"^^ ^Am) up to 2.614 MeV (from the decay of ^^^Tl) were covered using these standard 
sources. A Marinelli beaker with the same geometry filled with de-ionized water was used 
on a weekly basis during the measurements period to determine the background spectrum 
observed by the germanium detector. The counting time of the ambient background 
spectrum was also 86,400s, in order to determine the minimum detectable activity (MDA).
7.3 Samples Analysis
For sample measurements, the samples were placed directly over the front face of the 
detector. The acquisition time was kept the same as the time period used in determining the 
efficiency spectra, i.e., 1 day. The counting geometry of the samples and the standard 
sources used for efficiency calibration were kept constant. A range of different gamma-ray 
energy transition lines ranging from <100 keV up to 2.614 MeV, associated with the decay 
products of the ’ U and Th decay chains were analyzed independently to obtain more 
statistically significant overall results. These data were analyzed under the assumption of 
secular equilibrium of the radionuclides within these samples. Several transitions from 
decays of shorter-lived radionuclides in the decay chain, such as ^^^Ra, ^^ "^ Pb and ^^%i 
(which can be thought of as ^^^Ra indicators), were used to estimate the weighted mean of 
activity concentration of ^^^Ra. The activity concentration of ^^^Th was determined using 
gamma-ray transitions associated with the decays of ^^^Ac, ^^^Pb and ^^^Tl. The gamma-ray 
peaks associated with decays from and ^^ ^Cs at 1461 and 662 keV respectively, were 
used to determine the activity concentrations for these nuclei. Background contributions 
were subtracted from the peak areas for the measured samples using the GF3 data analysis 
package (4).
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The activity concentration of ^^^Ra present in the samples was estimated using two 
methods. The first method was to deduce the activity concentration of ^^^Ra indirectly from 
one of the reference peaks in radium indicators. The contribution of ^^^Ra through its (3.59 
% branching ratio) gamma ray at the energy of 186.1 keV was calculated by employing the 
spectral interference correction method [181] using the least spectrally disturbed peak 
(reference peak) at 295.2 keV from the decay of The net peak area of ^^^Ra at the line 
186.1 keV was then estimated by employing the following equation [182] taking into 
consideration gamma-ray intensities ly and peak detection efficiencies Sp of the reference 
peak:
AfJl86.UeV,""‘j?a]= I xN ^\l95 .2keV , (7.1)
[ /  y S p F c O I  J  295.2keV fief
where Np is the net counts, ly is gamma-ray emission probability, Sp is the full-energy peak 
efficiency. Fcoi and Fs are the correction factors of the true coincidence summing peak and 
self-absorption. The effect of the true coincidence sununing peak and self-absorption were 
considered to be negligible in the current work. The activity concentration of the 
"indirectly" deduced ^^^Ra using this method will be expressed by the label ^^ ^Ra(Pb-2i4). 
This method may lead to underestimated values for ^^^Ra if secular equilibrium was not 
achieved at the time of measurement. It might also include a significant contribution from 
the decay of the gaseous parent ^^^Rn, which is present in the air surrounding the detector in 
the lead castle if the gas is not flushed with nitrogen gas [181]. The deduced values may not 
reflect the real values of ^^^Ra if the equilibrium in the Th and U decay series was disturbed 
during geological times.
In order to obtain additional information on the possible disturbance in radioactive 
equilibrium in the investigated areas, two measurements were conducted; firstly, the direct 
measurement of ^ ^^Ra from its single line 186.2 keV was applied in the current work, taking 
into account that this line has a potential contaminant from the direct decay of to ^^^Th 
in NORM at 185.7 keV (with a contribution of 34 % to the measured sum peak assuming 
natural abundances for and secular equilibrium between the parent and the 
decaying ^^^Ra) [181]. This method can however lead to large systematic uncertainty if the 
correction for the spectral interference was not taken into account, because this line is
117
heavily interfered with the most intense line from the decay series. It should therefore
be corrected in the relative gamma intensity, according the uranium isotopic ratios in the 
investigated samples. The deduced ^^^Ra activity using this second method was given the 
label ^^^Ra(u-235) in the current work. The second measurement can be used to indicate if 
there has been disequilibrium in the U decay series during geological times. This uses an 
indirect measurement of the activity concentration of which is derived by assuming a
natural uranium abundance ratio between the and isotopes (of 0.7 and 99.3% 
respectively) and by the direct measurement of the activity concentration of from the 
decay transitions at the lines 143.76 and 163.36 keV associated with transitions in the decay 
scheme for ^^^Th. An alternative value can be obtained assuming secular equilibrium, from 
measurements of the intensity of the decay progeny ^^^Ra via its 154.21 keV signature 
gamma ray. Both measurements were deduced by employing equation 4.17 and assuming 
natural abundance of uranium.
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Chapter 8 Results and Discussion
This Chapter presents the experimental results of the investigation that been carried out on: 
(i) the correlation between the grain size of the soil sample and the activity concentration of 
natural radioactivity; (ii) the variation in the activity concentration between the surface soil 
and the deep soil; the radiological map of the activity concentration of ^^^Th, and 
^^^Cs for the State of Qatar; (iii) the levels of radioactivity in NW of Dukhan; and finally 
(iv) the levels of activity concentration in Qatarian building materials.
A wide range of different gamma-ray energy transitions lines ranging from -100 keV up to 
2.6 MeV for the absolute photo-peak efficiency calibration of the system were analyzed. 
The efficiency calibration values were obtained using the standard sources of ^^^Ra, ^^^Th, 
^^^Eu and NG3 (a mixed source containing "^^ ^Am, ^^Co, ^°Co, ^^Sr, ^®^ Cd, ^^^Cs, ^^^Ce,
and ^^^Hg) which were provided by Hitech Sources. These values are presented in Figure 
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Figure 8.1: The absolute full-energy peak efficiency measurement as deduced using the 
standard sources ^^^Ra, ^^^Th, ^^^Eu and NG3 (a mixed source containing Am, ^^Co, ^Co, 
85sr, and ^^^Hg) used in the present work.
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All the spectra of the analyzed samples in the current work had the background spectrum 
which is illustrated in Figure 8.2 subtracted from them. An example of the resultant 
background-subtracted spectrum for sample X228 (which had the highest observed ^^^Ra 
activity among all the samples included in the radiological map) is also presented in this 
figure. Sample X228 clearly shows transitions associated with the decay of while 
evidence for the strong Ac decay lines associated with the Th series was sparse at best.
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Figure 8.2: (Lower panel) Raw y-ray spectra of sample X228; (Central Panel) background 
spectrum accumulated in the absence of any source sample; (Upper Panel) background- 
subtracted gamma-ray spectrum associated with soil sample no. X228 with lines from the 
decay series clearly identified.
Figures 8.3, 8.4 and 8.5 show the measured activity concentrations for Qatarian soil
highlighting the data from the transitions assuming equilibrium decays of ^^^Ra, ^^ "^ Pb, and
in the series; ^^^Ac, ^^^Pb and ^^^Tl decays associated with the ^^^Th decay series;
and ^^^Ra from the series. The weighted mean of the activity concentrations for the
radionuclides decay of ^^^Th and in all the investigated samples in the current
1 2 0
235i
work were then analyzed independently to obtain more statistically significant overall 
results. These data were combined under the assumption of secular equilibrium of the 
radionuclides within these samples. All the measured activity concentrations against 
gamma-ray energy for all the investigated samples in the current work are presented in 
Appendix E.
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Figure 8.3: The individual activity concentrations of the observed gamma-ray transitions 
from ^^^Ra(u-235), ^^ ^Ra(Pb-2i4), and ^^%i from the series and from ^^^Ac, ^^^Pb and 
°^^ T1 decay lines associated with the ^^^Th series in sample no. 54. The horizontal (dashed 
line) line corresponds to the weighted mean deduced from the individual data points.
Near-doublet gamma-ray lines where two peaks are overlapped such as ^^^Ra and at
186 keV were corrected for the relative gamma intensity assuming the natural abundance of
uranium (see discussion in section 7.3). Peaks very close in energy to each other such
decays from ^^ '^ Ra and ^^ '^ Pb at 241 and 242 keV respectively, where the resultant activity
concentration was found to be higher than the expected value (see Figure 8.3) were
excluded from the weighted mean calculation. A Table illustrates the expected doublet lines
in NORM measurements that been excluded is presented in Appendix F.
The activity concentrations of ^ ^^Ra(u-235) in all the investigated samples in the current work 
were measured assuming the natural abundance ratio of to This enabled a 
comparison of the resultant values with the activity concentrations of ^^ ^Ra(Pb-2i4) using the
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daughter's reference peak of at 295.22 keV and assuming secular equilibrium in the 
sealed samples. These values are presented in the Figures 8.3 and 8.4 which also show 
levels of the man made radionuclide ^^^Cs. The activity concentration deduced from the 
intensity of gamma-ray transition from the decay of ^^^Ra at 269.45 keV is also shown in 
this plot, but was excluded from the weighted mean of the decay lines, since it is
overlapped with the transition from the decay of ^^^Ac (in the ^^^Th chain) at 270.24 keV.232r
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Figure 8.4: Example of the individual activity concentrations of the observed gamma-ray 
transitions from  ^ ^Ra(u-235), ^^ ^Ra(Pb-2i4), and from the series and from
^^^Ac, ^^^Pb and ^^^Tl decay lines associated with the ^^^Th series, taken from sample no. 
58. The horizontal line corresponds to the weighted mean of these individual data points.
An example of the relative measured activity concentration of in a sample (no. 268)
compared to the uranium and thorium levels is presented (on a semi-log scale) in Figure
8.5.
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Figure 8.5: An example showing the individual activity concentrations of the observed 
gamma-ray transitions from ^^^Ra(u-235), ^^ ^Ra(Pb_2i4), and ^^%i from the series 
and from ^^^Ac, ^^^Pb and °^^ T1 decay lines associated with the ^^^Th series in a sample (no. 
268) presented on a semi log plot to show the measured activity concentration of in the 
analyzed samples.
8.1 Effect of the Grain Size of the Soil on the Measured 
Activity
The measurement of activity concentration of soil samples can be influenced by the 
fractions of the grain size of the samples [183]. Two experiments have been conducted to 
investigate the distribution of the grain size and the correlation between the activity 
concentration and the grain size. Figure 8.6 shows the grain size histograms for one of the 
soil samples investigated in the current work. This figure shows that about 80 % of the 
grain sizes distribution in the soil is below 0.5 mm for that sample.
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Figure 8.6: A histogram of an example of the grain size distribution in the current work (for 
sample no. 199).
Another 3 soil samples were collected from different locations and segregated into three 
grain sizes smaller than 2 mm in order to investigate the correlation between the activity 
concentration and the grain size. Figures 8.7, 8.8 and 8.9 show the measured activity 
concentrations of the observed gamma-ray transitions from ^^ R^a<Pb-2i4), and ^^%i
from the series and from ^^^Ac, ^^^Pb and ®^^ T1 decay lines associated with the ^^^Th 
series in the three different grain sizes for the example sample (no X214). The grain sizes 
used were: (i) smaller than 2 mm and greater than 1 mm; (ii) smaller than 1 mm and greater 
than 0.5 mm; and (iii) smaller than 0.5 mm.
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Figure 8.7: Example of the individual activity concentrations of the observed gamma-ray 
transitions from ^^^Ra(u-235), ^^ ^Ra(Pb_2i4), and from the series and from
^^^Ac, ^^^Pb and ^^^Tl decay lines associated with the ^^^Th series and the weighted mean of 
these individual data points, taken from sample no. X214 for the grain size between 2 mm 
and 1 mm.
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Figure 8.8: Example of the individual activity concentrations of the observed gamma-ray 
transitions from ^^^Ra(u-235), ^^ ^Ra(Pb-2i4), ^^ "^ Pb, and ^^%i from the series and from 
^^^Ac, ^^^Pb and ^^^Tl decay lines associated with the ^^^Th series and the weighted mean of 
these individual data points taken for sample no. X214, for the grain size between 1 mm 
and 0.5 mm.
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Figure 8.9: Example of the individual activity concentrations of the observed gamma-ray 
transitions from ^^^Ra(u-235), ^^ ^Ra(Pb-2i4), and ^^%i from the series and from
^^^Ac, and ^^^Tl decay lines associated with the ^^^Th series and the weighted mean of 
these individual data points from sample no. X214 for the grain size below 0.5 mm.
Figure 8.10, 8.11 and 8.12 show that the activity concentrations of ^^ ^Ra(Pb-2i4), ^^Ac and
are correlated with the grain size with higher activities noted for smaller grain sizes.
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Figure 8.10: The relationship between the weighted mean of the activity concentrations of 
Ra, ^^^Ac and and the three different grain size for sample no. X214.
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Figure 8.11; The relationship between the weighted mean of the activity concentrations of 
^^%a, ^^^Ac and and the three different grain size for sample no. X214.
1000
Sample no. 214
of Ra-226, Pb- 
214 and Bi-214
of Ao-228, Pb- 
212 and TI-2081 0 0 -
2.520 Grain Size (mm) 1-50.5
Figure 8.12: The relationship between the weighted mean of the activity concentrations of 
Ra, ^^^Ac and and the three different grain size for sample no. X214.
The weighted mean of the activity concentration of ^^^Ra and ^^^Ac in the 0.5 mm grain size
of sample no. X214 were found to be about 28.5 and 8.2 Bq/kg respectively, higher than the
values observed for the 1 mm and 2 mm grain size. They were 19.2 and 16.9 Bq/kg for
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and 6.4 and 5.6 Bq/kg respectively for ^^^Ac. The activity concentrations of were 
found about 188, 154 and 139 Bq/kg for grain sizes 0.5, 1 and 2 mm respectively. It can be 
concluded that the finest grain size had the highest activity concentration (for sample X214 
at least). Two other samples (XI74 and X175) showed similar behaviour for the levels of 
and ^^^Ra. However for the ^^^Th chain, the activity concentrations in 2 mm grain size 
were found higher than the 1 mm grain size. This might be related to the soil type as both of 
them were collected from the same geology background.
8.2 Surface and Sub-Surface Samples
A comparison between the surface "0 -  5 cm" soil samples and soil samples that taken at 
depth of 5 to 25 cm was conducted in order to investigate the correlation between the 
distribution of the radionuclides ^^^Ra, ^^Ac, and ^^ ^Cs and layer depth. A topsoil 
sample and deeper soil sample were collected from 7 sampling points from the north-west 
of Qatar (see Figure 6.9 in Chapter 6 for sample locations). Figure 8.13 shows the weighted 
mean of the activity concentration for the individual activities as deduced from the observed 
gamma-ray transitions associated with the direct decays of ^^ ^Ra(Pb-2i4), and ^^ "^ Bi
(from the series), from ^ A c , ^^^Pb and ^^^Tl (associated with the ^^^Th series) and the 
activity concentrations for and ^^^Cs in the surface and deep soil. The activity 
concentration levels of^^^U decay products, ^^^Th decay products and in the surface and 
deep soil samples were similar. The ^^ ^Cs activity concentration levels in surface soil 
samples in four sites were found to be higher than those observed for the soil samples that 
been collected at a depth of 5 to 25 cm. This is possibly because ^^^Cs accumulates in the 
topsoil layers and dilutes in the deeper layers [184]. For specific details on the activity 
concentration levels of ^^^Ra, ^^Ac, and ^^^Cs in the measured samples see the tables in 
Appendix G).
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Figure 8.13: Activity concentration levels of and for topsoil samples
"0 -  5 cm" and soil samples that been taken at depths of 5 to 25 cm.
Figure 8.14 shows the ratio of ^^^Th to in topsoil and deeper samples. The slope of 
each trend line in this plot was used to deduce the activity ratio of ^^^Th to (assuming 
radioactive equilibrium). This was found to be slightly higher in the deeper soil samples 
than the topsoil samples. The fitted line slopes were 1.20 ± 0.21 and 1.09 ± 0.26 
respectively. This indicates that the activity concentrations of ^^^Ra which was used to 
estimate the levels of may be (slightly) affected by the dissolution reactions in the 
topsoil samples.
228 40i 137/
129
18
♦  Surface sam ples 
□ Deep "5-25 cm" sam ples 
"— Linear (Surface sam ples) 
""— Linear (Deep "5-25 cm" sam ples)
16
y = 1.0909X -11 .434
14
12
10
8
6
2
0
1510 20 25 30
Figure 8.14: The weighted mean of activity concentration for ^^^Th versus the weighted 
mean of activity concentration for for the 7 investigated samples discussed in this 
section.
8.3 The Radiological Map of the State of Qatar
U, ""Th, and '^’Cs. The individual activity
One hundred and twenty nine soil samples were analyzed in order to estimate the levels of 
the activity concentrations of 
concentrations of the observed gamma-ray transitions from ^^°Ra(u-235), ^^ °Ra(Pb-2i4), 
and (from the series) and ^^^Ac, ^^^Pb and °^^ T1 (from the ^^^Th series), together 
with the weighted means for all of these soil samples are presented in Appendix E. The 
activity level was also deduced separately, using the measured activity concentration of 
(from the gamma transitions at 143.76, 163.35 keV from the direct decay of to 
^^^Th and the 154.21 keV transition from the decay of ^^^Ra) and assuming the natural 
235yy238y abuudauce ratio of approximately 0.7/99.3. All of these data together with 
samples density are also are presented in Appendix G.
The majority of the investigated samples show comparable results for the measured ^^ ^Ra(Pb- 
214) activity concentrations and the deduced values for from the measured activity 
concentrations. These should be consistent under two conditions, namely: (i) an assumption 
of secular equilibrium between the parents and their decay products and (ii) the natural
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abundance of to Samples with unexpected results are discussed in the following 
section.
Figure 8 .15  shows the activity concentrations deduced for ^^^Ra(u-235) from the ^^^Ra/^^^U 
ratio (inferred from the decay measurements) and the ^^ ^Ra(Pb-2i4) value inferred from
the decay products, and ^^ "^ Pb in sample no. 60. They were found to be
14.67±0.87stat±1.06 syst. and 2 .8 4 + 0 .17stat.± 0.20syst respectively (The systematic error is 
associated with the relative efficiency and originated from a small difference in the 
measurement geometries and the calibration sources for these samples). The activity 
concentration deduced for directly from the measured activity concentration (and 
assuming the usual isotopic abundances) was found about 2 2 .9 + 7 .2  stat.± l-7syst. Bq/kg.
There is a disturbance in either the ^^^U/^^^Ra ratio in the soil or in the ^^^Rn/^^^Ra ratio, 
possibly due to the emanation of radon gas from the sealed marinelli beakers which can 
cause in turn an underestimation in the activity concentration of ^^ ^Ra(Pb-2i4) from its 
progeny ^^ "^ Pb. Since ^^%i is found to be in equilibrium with ^^ "^ Pb, and the activity 
concentration of within the measurement uncertainties, was found to be comparable 
with the value obtained using the ^^^Ra/^^^U ratio, it is likely that the radium was disturbed 
in the site where the sample was collected. This would result in a disturbance in the 
radioactive equilibrium between the very long-lived parent (^^^U) and the (several grand) 
daughter (^^^Ra) nucleus in the site where the sample was collected, where the radium 
levels were possibly also affected by chemical dissolution reactions [185].
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Figure 8.15 : The individual activity concentrations and weighted means of the observed 
gamma-ray transitions from ^^^Ra(u-235), ^^ R^a(Pb_2i4), and from the series,
^^^Pb and ®^^T1 decay lines associated with the ^^^Th series, and ^^^Cs in sample
no. 60.
Such a disequilibrium between the apparent activity deduced for ^^^Ra(u-235) and its decay 
daughters of ^^%i and ^^ "^ Pb might be due to dissolution reactions [185] between the 
chemical composition of ground waters and near-surface seawater minerals. The constantly 
changes in the geochemical behaviours (temperature, humidity, pH values, and physical and 
chemical factors) of these elements in the surface layers of the environment over time are a 
possible reason behind this disequilibrium [186].
The weighted mean of ^^^Th in this sample was about 0.42 ± 0.03stat.±0.03syst. Bq/kg. This 
value is significantly below the world wide published value of 30 Bq/kg [2], and also much 
less than the mean value of ^^^Th from all the investigated soil samples in the current study. 
The activity concentration of in this sample was found about 10.15 ± 1.27stat.±0.74syst, 
Bq/kg which is also very low compared to the worldwide averages. Potassium is part of the 
clay minerals (Shale) and its activity concentration can be affected by the relative solubility 
of K in the soil [187]. Approximately 10 soil samples were found to have a notable 
disturbance in the ^^^Ra/^^^U ratio, most likely due to dissolution reactions. These were
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samples number X14, 60, XlOO, 132, 169, X I94, 208, 304, 346, 388, 430 and 584. All of 
these samples were collected from areas near the coast line.
Other cases where the activity concentration deduced from the expected ratio for
^^^Ra(u-235) was less than the activity concentrations of ^^ ^Ra(Pb-2i4) were found in samples 
32, 58, 90, 276, 306, X228 and 266. These samples belong to different geological 
backgrounds compared to the majority of the samples and included sabkha, lower dammam 
formation, upper dammam formation and rus formation. Appendix C provides a description 
of these formations and Figure 8.19 gives a geological map of Qatar. Figures 8.16, 8.17 and 
8.18 show the measured and deduced activity concentrations for^^^Ra(u-235) and ^^ ^Ra(Pb-2i4) 
in samples no. 306, X228 and 266. The other four samples are presented in Appendix E.
The activity concentrations of the deduced ^^ ^Ra{u-235) values from the ^^^Ra/^^^U ratio and 
from the ^^ ^Ra(Pb-2i4) values, which were measured from the A=214 decay progenies in 
sample no. 306 (see Figure 8.16) were found to be 18.2 ± 1.7stat±1.3syst. and 30.1 ± 
2.8stat.±2.2syst, Bq/kg respectively. This means that the ^^^Ra/^^^U activity ratio is greater than 
unity and a disturbance must have occurred to increase the amount of ^^^Ra in the local 
sample (compared to the expected activity expected from the decay products of the local 
uranium). It is suggested that a co-precipitation of ^^^Ra with a hosting material has 
occurred in the location where this sample was collected. Samples no. 306 and 58 were 
collected from similar geological structures, called sabkha deposits which consist of sand 
and silt flats (celestite crystals). It has been suggested by I. A. El-Kassas in a Geostatistical 
Study of Gamma Radioactivity at Some Anomalous Localities in Qatar Peninsula 
conducted in 1987 that such results arise due to ^^^Ra co-precipitation with strontium in the 
celestite crystals [34]. Another study, conducted by C. Cavelier [188] proved elevated 
concentrations of strontium compared to the world average in two samples which were 
collected from sabkha deposits in Qatar [188] and [189]. It was concluded that the 
disturbance Ra/ U ratio in this case was due to radium co-precipitation with the hosting 
material strontium in sabkha deposits. A further investigation is required to uncover the 
type of the hosting material that helps the Ra in the co-precipitatation reactions for the other 
samples.
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Figure 8.16: The individual activity concentrations of the observed gamma-ray transitions 
from “ ^Ra<u-235), “^ Ra(Pb.2i4), ^'"Pb, and ^‘“Bi from the series, and “^*T1
decay lines associated with the ^^^Th series, ‘’^ ’K and '^’Cs in sample no. 306. The weighted 
means of these individual data points are the dashed lines.
The highest activity concentration of ^^^Ra(u-235) with a disturbance in the ratio
above unity (i.e., an excess of ^^^Ra) which was recorded at the beginning of this study was 
for sample no. X228 (see Figure 8.17). The activity concentrations of ^^^Ra(u-235) and 
^^ ^Ra(Pb-2i4) in this samples were found to be 119.6 ± 4.2stat,±4.7syst. and 196.6 ± 
6.9stat.±12.5syst, Bq/kg respectively. This sample was collected from NW Dukhan (see Figure 
8.19). The geology in this site belongs to the lower dammam formation which consists of 
shale, limeston and dolomites. It was suggested by LA El-Kassas that the elevation in the 
radioactivity in this area is due to the presence of some vertebrates remains which were rich 
in phosphate [34]. This area also contains the first oil well in Qatar, which started to 
produce oil in 1947. During the field visit to collect this sample, a greenish soil was 
observed covering the area. Following the final measurements of activity concentration that 
been done in the University of Surrey, further investigation with a higher resolution of 1:1 
km^ was conducted. Thirty-four soil samples were collected from this area to further 
investigate the correlation between the geological background in this area, the elevation in
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the activity concentration of ^^^Ra and its relationship with the disturbance in the 
ratio.
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Figure 8.17: The individual activity concentrations of the observed gamma-ray transitions
from “ ^Ra<u.235) and “ °Ra(Pb-2i4), ^'“Pb, and ^'"Bi from the series, ^"Ac, and 
decay lines associated with the ^^^Th series, ‘'°K and '^’Cs in sample no. X228. The 
weighted means of these individual data points are the dashed lines.
Sample no. 266 was also collected from the same geological structure. The activity 
concentrations of ^^^Ra(u-235) and ^^ ^Ra(Pb-2i4) in sample no. 266 (see Figure 8.18) were 
found to be 46.8±2.9stat.±3.4syst. and 63.9±3.2stat.±4.6syst. Bq/kg respectively. The deduced 
activity concentrations from ^^^Ra(u-235) and ^^ ^Ra(Pb-2i4) along with the ones observed for 
gamma-ray transitions of and ^^%i from the series, ^^^Ac, ^^^Pb and ®^^ T1 decay 
lines associated with the ^^^Th series, and ^^^Cs in sample no. 266 are presented in 
Figure 8.18.
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Figure 8.18: The individual activity concentrations of the observed gamma-ray transitions 
from “^ Ra<u-235), ^^Ra(Pb.2i4), ^'"Pb, and from the series, ^“ Ac, and 
decay lines associated with the ^^^Th series, ‘*°K and '^C s in sample no. 266. The weighted 
means of these individual data points are the dashed lines.
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Figure 8.19: Geological map for the State of Qatar. See Appendix C for the geological 
description [190].
The weighted mean of the activity concentrations, in Bq/Kg for “^^ Ra, “^ ^Ac and for all 
of the investigated samples used to construct the radiological map are plotted in Figure 
8.20. See also the table in Appendix G for the fully tabulated results and uncertainties. The 
mean values of ^^^Ra, ^^^Ac and of these individual data points are the dashed lines. The
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highest measured activity concentration for ^^^Ra which belongs to sample X228 as 
discussed previously (see Figure 8.19) was found in soil of NW Dukhan. As mentioned 
previously, this can be explained by the co-precipitate reactions of radium with a hosting 
material (North West of Dukhan will be discussed in details in section 8.4). The lowest 
value was a costal sample (no. 60) and was 3.11+ 0.11stat.± 0 . 2 3 s y s t .  Bq/kg. The variation in 
the activity concentration of the parent U and its decay progeny Ra, as discussed 
previously, depends greatly on their presence in the terrestrial environment, their physical, 
chemical, geochemical properties and the pertinent environment factors [191].
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Figure 8.20: The activity concentration distribution of ^^^Ra, ^^^Ac and for all of the 
samples measured in the current work and used to construct the radiological map of Qatar. 
The mean values of these individual data points are the dashed lines. (Note that the sample 
number in the plot refers to the sample serial number and not to the code no. of the sample).
The mean value of activity concentration of ^^^Ra for the full cohort of samples was 17.2 +
1.5 Bq/kg. This value excludes sample numbers X228 and 266. These represent W Dukhan
where the activity concentration levels of ^^^Ra are significantly elevated compared to other
areas and are likely due to the effects of the nearby oilfields.
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The mean value of for all the investigated samples was 6 .38  ±  0 .2 6  Bq/kg with a 
maximum value of 15.60±0.30staL±l-15syst. Bq/kg found for sample no. 28 and a minimum 
value of Q.42±Q.Q4stat±0.03syst. Bq/kg for sample no. 6 0 . .
The mean value of the activity concentration of was about 169 +  5 Bq/kg. The 
individual values vary widely from 10.15±1.27staL±0.74syst, to 2 9 9 + 1 4stat.±19syst. Bq/kg. The 
lowest values were obtained from a coastal sample (no. 60) collected from NE Qatar, while 
the highest values were found in sample no. 88 and collected from NW Qatar. The lower 
values might be due in part to the solubility of potassium in the soil in those regions.
Figure no. 8.21 shows the values distribution of the activity concentration of ^^^Ra, ^^^Ac 
and It is clear that the ^^^Ra distribution extends with a tails toward higher 
concentration for samples no. 266 and X228. While ^^^Th values showed typical, 
expected distributions.
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Figure 8.21: Distribution of activity concentration of^^^Ra, ^^°Ac and
Figures 8.22, 8.23 and 8.24 show the distributions of the activity concentration of ^^°Ra,
^^^Ac (weighted mean) and for all of the investigated samples used to construct the
radiological maps of Qatar. The weighted means of the activity concentrations of ^^^Ra,
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228 40i
226i
are summarized in the a table, together with the measured activity concentrations of 
235u^  238u, 40j  ^ ^^^Cs in Bq/kg in all the soil samples in Appendix G.
Areas such as Al-Ruays, Al-Gharya, Fuwayrit, Simsima, west of Lijmailiya, NW of 
Dukhan and Salwa (see Figure 1.1. in Chapter 1 for locality map) were found to be in the 
range of 20-30 Bq/kg. It could be suggested that there is a correlation between the 
geological background of these areas (sabkha) and an activity concentration range of 20-30 
Bq/kg, with the exception of Umm Said (the activity concentration in this area was in the 
range of 10-20 Bq/kg). Sabkha deposits consist of sand and silt flats as mentioned 
previously.
The obtained activity concentration values for areas where the soil consists of shale, 
limestone and dolomite (Dammad formation, lower Eocene) such as NW Dukhan, Umm 
Bab, Al-Sheehaniya, Tenbek Al-Gharbiya and Sauda Nathil varied widely from 10 to 200 
Bq/kg. If it is assumed that the elevated levels found in the NW and W of Dukhan are due 
to the mobility of ^^^Ra in the oil-field rocks, the range in these areas will drop to 10-30 
Bq/kg.
The activity concentration in west of Umm Said was found to be in the range of 10-20 
Bq/kg. The underlying geology in this area is Aeolian sand.
The activity concentrations in all the middle areas were found to be in the range of 10-20 
Bq/kg. The geological background in this area belongs to dammam formation, middle 
eocene.
Despite the difference in the methodology, there is strong agreement between the elevated 
values in activity concentration of ^^^Ra which obtained for NW Dukhan in the current 
study and the ones reported by LA. El-Kassas [34].
140
ACTIVITY CONCENTRATIONS 
OF Ra-226 (Bq/kg)
1-Ruav
Bahrain
Al-Ghaijva 
Simsima 
Fuwayrit
St of Lijmailiya
iikhan
Doha
Al-Sheehamva
Umm Said
Kingdom of Saodi Arabia da Nathil
Legend
V a lu e
I I b e l o w  1 0
I 1 10  -  20
I ' 1 20 -  30
O  30 - 40 
C Z ] 40 -  50 
m i l  50 -  100
m i  100 - 200
j H H  g r e a t e r  t h a n  2 0 0
Figure 8.22: A radiological map of Qatar showing the distribution of the weighted means of 
activity concentrations of ^^^Ra.
The activity concentration of ^^^Th in most of the sabkha regions were found to be in the 
range of 0.4-10 Bq/kg. The only area that shows slightly higher values (ranging from 10 to 
15 Bq/kg) was in Al-Ruays. The values in the dammam formation (Middle Eocene) varied 
from 0.4-20 Bq/kg, while the areas where the soil consists of shale, limestone and dolomite 
(Dammad formation, lower Eocene) such as Dukhan, Umm Bab, Al-Sheehaniya, Tenbek
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Al-Gharbiya and Sauda Nathil were all below 10 Bq/kg. The Aeolian sand regions were 
also below this value.
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Figure 8.23: A radiological map for Qatar for the distribution of the weighted mean of 
activity concentration of ^^^Th.
The distribution of activity concentration of was found to be in (weak) correlation with 
the background geology except for sabkha regions where most of the samples were found to 
have activity concentrations in the range 10-100 Bq/kg. The values in the dammam
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formation (Middle Eocene) varied between 10 to 300 Bq/kg, while the areas where the soil 
consists of shale, limestone and dolomite (Dammad formation, lower Eocene) such as 
Dukhan, Umm Bab, Al-Sheehaniya, Tenbek Al-Gharbiya and Sauda Nathil the activity 
concentrations varied from 100-300 Bq/kg. The Aeolian sand regions were in the range of 
200-300 Bq/kg.
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Figure 8.24: A radiological map of Qatar for the distribution of the activity concentration of 
as deduced in the current work.
'^^Cs exists in soil naturally only in trace amounts following the spontaneous fission of
Any measured values above the MDA in the current work would therefore arise from
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the artificially produced fission of Figure 8.25 shows the histogram of activity
concentration of the artificial radionuclide ^^^Cs in the Qatarian soil. Nuclear accidents, 
bombs test and nuclear weapons are the origins of ^^^Cs contamination. In the current 
study, it is expected that this contamination is mainly due to the Chernobyl accident of 26 
April 1986. This conclusion however can not be absolutely confirmed because of the lack 
of data before this accident. Around 30 samples show no indication of ^^^Cs contamination 
below the MDA. The measured activity concentrations of ^^^Cs across Qatar ranged from 
0.21 to 15.41 Bq/kg. The highest activity concentration of ^^^Cs was observed in sample 
no. 26 in north of Qatar. The mean value was found to be 2.15 ± 0.27 Bq/kg.
Histogram of the activity concentration  of Cs-137/1Bq
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Activity concentra tion  (Bq/kg)
Figure 8.25: A histogram of activity concentration of the artificial radionuclide ^^^Cs in 
Qatarian soil.
Figure no. 8.26 shows the distribution of the activity concentration of ^^^Cs for the total 
number of the investigated samples on the map of Qatar. Taking into account the ^^^Cs 
decay half-life of 30.2 y and the sampling depth in current work (5-25 cm) which dilutes 
the ^^^Cs concentrations [192], the resultant values are lower than the observed values for 
those reported in other countries such as the reported values in Jordan in 2002 which ranged 
from 7.75 to 576 Bq/kg for a sampling depth of 0-2 cm and a mean value of 88 ± 31 Bq/kg 
[193]. They are however comparable to those determined in Algeria in 1996 which reported 
a mean value of 4.2 Bq/kg [194]. It may be that the values reported in the current work are
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lower than those reported in other countries because of the variation in the characteristics of 
the soil as well as the metrological factors at the time of deposition [192].
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Figure 8.26: A radiological map of Qatar for the distribution of activity concentration of 
^^ ^Cs from the current work.
8.4 North West of Dukhan
As mentioned in section 8.3 an additional study was conducted in NW Dukhan in order to
investigate the correlation between the geological structure in that area and the elevation in
the activity concentration of ^"^Ra and its relationship with the disturbance in the inferred
ratio. A total of 34 soil samples were collected from this area with a sampling
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grid of 1:1 km^. This area has previously reported a value of 201.9±1.5stat±13syst. Bq/kg for 
the weighted mean activity concentration of ^ ^^Ra, and
Figure 8.27 shows the resultant background-subtracted spectrum for sample no. X228. 
Sample X228 clearly shows transitions associated with the decay of ^^^Ra, while evidence 
for the strong ^^^Ac decay lines associated with the ^^^Th series was sparse at best. The 
sample was acquired over a counting time of one day.
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Figure 8.27: Background-subtracted gamma-ray spectrum associated with soil sample no. 
X228. Lines from the (^^^Ra) decay series are clearly identified.
Another elevated soil sample (no. 29-X228) was found in this area with values of 208.8 ±
5.6stat.±15syst. and 3 2 7 .4 ± 8 .8 s ta t± 2 sy s t . Bq/kg for ^^ ^Ra(u-235) and ^^ ^Ra(Pb-2i4) receptively. The
weighted mean of the activity concentration of ^^^Ra, ^^ "^ Pb and ^^ "^ Bi was approximately a
factor of two higher than the highest value reported previously in sample no. X228. Two
more soil samples (23-X228 and 27-X228) were found to exhibit values just above the
world wide average value of 35 Bq/kg [2]. Only single sample (27-X228) among the
elevated samples clearly showed gamma-ray transition lines associated with the decay of
U at 163.36 keV. From these data, and using the assumed natural ^35^/238^ abundance
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ratio as discussed in section 7.3, the activity concentration of was found to be 32+18 
±2syst. Bq/kg. The ^^^Ra(u-235) and ^^ ^Ra(Pb-2i4) deduced values for the activityStat.
concentration were 39.54±2.2stat±2.9syst. and 48.52 ± 2.8stat±3.5syst. Bq/kg respectively. Since 
the deduced activity concentration of in this sample is close to ^^^Ra(u-235) value, it can 
be suggested that any apparent elevation in ^^^Ra activity concentration may come from the
parent The activity concentrations of ^^°Ra(u-235) and ^^ ”Ra(Pb-2i4) along with the ones226 226t
observed from the gamma-ray transition lines for and ^^^Bi from the series,
2 2 8 a c , 2i 2p y  208^J from the ^^^Th series, and ^^^Cs in sample no. 29-X228 are 
presented in Figure 8.28.
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Figure 8.28: The individual activity concentrations of the observed gamma-ray transitions 
from “^ Ra(u.235), “^ Ra<Pb.2i4), ^'"Pb, and from the series, ^“ Ac, and “ *T1 
decay lines associated with the ^^^Th series, ‘" 'k  and *^^Cs in sample no. 29-X228. The 
weighted means of these individual data points are the dashed lines.
The activity concentrations of (estimated from the measured activity and 
assuming the natural abundance ratio) and ^^^Ra for all the samples in the investigated area 
are plotted in Figure 8.29 (see the Table in Appendix G for the numerical values). The mean 
value of and ^^^Ra of these individual data points are the dashed lines. This figure 
shows that the obtained values for are comparable with the results measured directly 
from the gamma transition lines of ^^^Ra and its decay products with exceptions of sample
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no. 29-X228 (the highest one) which did not contain any visible lines associated with the 
decay of
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Figure 8.29: Comparison of the measured activity concentration distributions for and 
^^^Ra, for the area of elevated activity, in west of Dukhan. The mean values of these 
individual data points are the dashed lines. The sample no in the plot refers to the first two 
numbers of the sample number. See section 7.3 for discussion of how these values were 
obtained.
Figure 8.30 shows the distribution of the activity concentrations of ^^^Ra, ^^^Ac and It 
is clear that the ^^^Ra distribution extends with a tails toward higher concentrations for 
samples no. 27-X228, 23-X228 and 29-X228 while the values for ^^^Th and showed 
more typical distributions.
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Figure 8.30: Distributions of activity concentration of^^^Ra, ^^^Ac and 
Figure 8.31 shows the ratio of ^^^Th to (assuming equilibrium with ^^^Ac and ^^^Ra 
respectively) in the additional soil samples that were collected from NW Dukhan. The slope 
of the trend line in this plot was used to find out the activity ratio of ^^^Th to which 
was about 0.34. The activity ratio of the 31 samples was found to be lower than the deep 
soil samples discussed in section 8.2 This group of 31 samples have different soil profiles 
and hence may have different chemical behaviours because they belong to different 
geological formations [195] (see Figure 8.31). Nevertheless, their activity ratios were 
similar, which indicates that they had similar geochemical behaviour. On the other hand, the 
other three odd samples had different ratios although they were collected from the same 
area. This variation supports the hypothesis that the elevation of ^^^Ra in these three 
samples is due to ^^^Ra in the oil-field rocks which replaces Ca, Sr and/or Ba in the soil.
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Figure 8.31: The weighted mean of activity concentration for ^^^Th versus the weighted 
mean of activity concentration for for soil samples collected from NW Dukhan.
The activity concentration of ^^^Ra in sample 29-X228 which had the highest observed
value of ^^^Ra among the 34 investigated samples in this area is significantly higher than the
value determined previously for X228 in this area and clearly do not support a hypothesis of
elevated co-precipitated with phosphates due to vertebrate remains in this area, while
the activity concentration of ^^^Ra in sample nos. 23-X228 and 27-X228 might be due to
this reason. Notably, this area contains an old inshore oil well. Therefore, it is likely that the
high value obtained for sample no. X228 and 29-X228 are a result of technically enhanced
NORM (TENORM) in this region. We note that it is possible that such elevated levels in
the TENORM might arise due to the mobility of ^ ^^Ra in the oil-field rocks.
The activity concentration of ^^^Ra is likely to be a heterogeneous distribution since there is
a weak correlation between the levels of activity concentrations of ^ ^^Ra and the type of soil
in this area which consists of two types of geology background (dammam formation,
middle Eocene and dammam formation, lower Eocene). The activity concentration of ^^^Ra
in samples no. 24-X228 and 28-X228 which were collected from the same type of soil (see
Figures 8.32 and 8.33) had normal levels of ^^^Ra comparing with the other two highly
elevated samples (X228 and 29-X228). The results obtained from this area are in
disagreement with LA. El-Kassas hypothesis [34]. The elevation of ^^^Ra in sample
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numbers X228 and 29-X228 which were found to be 201.9+ 1.5stat.±12.9syst. and 
342±2stat.±25syst. Bq/kg respectively may be due to the mobility of ^^^Ra in the oil-field 
rocks. The activity levels of with the high standard deviation that been estimated from 
the activity concentration of and especially in the concerned area support the 
hypothesis that this elevation in this area is from the daughter ^^^Ra and not from since 
there is disequilibrium in ^^^Ra/^^^U ratio in favour of ^ ^^Ra in the area where samples X228 
and 29-X228 were collected.
Legend
Activity concentration of Ra-226 in Bq/kg 
NW Dukhan, Qatar
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Figure 8.32: The sampling point in NW Dukhan showing the ^^^Ra elevated samples
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Figure 8.33: The geology profiles in NW Dukhan.
All the result obtained for all the previous seetions together with the mean value of gamma 
dose rate(D), the radium equivalent (Ragq), the external hazard index (Hex) and annual 
effective dose equivalent (AEDE) for the entire number of the investigated samples are 
presented in tables in Appendix G.
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8.5 Building Materials
Figure 8.34 shows the background-subtracted spectrum for Saudi cement sample number 
L007 showing the expected transitions associated with decays from the ^^^Ra, ^^^Pb, and 
^^%i, and ^^^Tl isotopes.
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Figure 8.34: Background-subtracted gamma-ray spectrum associated with Saudi cement 
sample numbers L007. Lines from the and ^^^Th decay series are clearly identified.
Figure 8.35 show the measured activity concentrations for Qatarian cement sample QC2
highlighting the data from the transitions assuming equilibrium decays of ^^^Ra, and
^^%i in the series and from ^^Ac, ^^^Pb and ^^^Tl decay associated with the ^^^Th
series. The mean activity concentrations for ^^^Ra, '^^ ^Th and in this sample were found232r 40i
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to be 23.4 + 0.3, 12.1 ± 0.2, and 159+4 Bq/kg. These compare to the worldwide population- 
mean concentrations of the radionuclides ^^^Ra, ^^^Th and in building materials of 50, 
50, and 500 Bq/kg respectively [64].
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Figure 8.35: The individual activity concentrations of the observed gamma-ray transitions 
from ™Ra(u.235) and and from the series, “^ Ac, ^‘^ Pb and
decay lines associated with the ^^^Th series, and '^’Cs in sample no. QC-2. The 
weighted means of these individual data points are the dashed lines.
Table 8.1 summarizes the results of the mean values of activity concentration (in Bq/kg) 
and radium equivalent of Saudi and Qatari building materials samples under investigation 
with those obtained from published data for other countries. The Qatari and Saudi cement 
samples contain higher Ra and Th than sand, washed sand and white cement samples. 
Consequently these samples have higher radium equivalent activities which in turn would 
produce higher absorbed dose rates in indoor air due to gamma rays emitted by the ^^^Ra, 
^^^Th decay chain and to inhabitants at 1 m above the ground level in Qatarian 
dwellings.
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Table 8.1: Mean activity concentration of building materials samples and mean radium 
equivalent of Saudi and Qatari building materials samples with those obtained from other 
published data in Bq/kg.
Material No. of 
samples
Mean activity concentration (Bq/kg)
m R a  ■ ^ ...... _.
Mean ± S.D. Mean + S.D. Mean + S.D. 
Range Range Range
Mean Ra,, (Bq / kg)
Mean + S.D. 
Range
Saudi cement 4 23.5 + 3.6 8 .0+ 1 .7 8 1 + 3 40.6 + 7.4
(17-31) (4-11) (39-178) (28-56)
Qatari cement 2 23.4 ± 0.6 12.2 + 0.2 158.8 + 4.3 52.35 + 1.13
(23-24) (12-13) (155-162) (51-53)
Sand 4 13.2 + 0.3 3.34 + 0.05 225.5 + 6.1 33.72 + 0.78
(12-14) (3^ ) (216-235) (32-35)
Washed sand 4 13.5 + 0.5 3.6 + 0.2 228.2 + 7.7 34.5 + 1.2
(12-14) (3^ ) (210-242) (31-37)
White cement 3 18.9 + 0.5 4.9 + 0.5 62.9 + 22.6 30.3 + 1.2
(17-22) (4-6) (26-87) (28-32)
Cement - 73.2 9* 79.7 92.2
(Lebanon, 2008) [57]
Cement 12 41 27 422 112
(Algeria, 2001) [162]
Cement 25 43.21 11.23 265.12 79.7
(Jordan, 1998) [59]
Cement 85 78 33 337 151
(Egypt, 2006) [60]
Worldwide value 50 50 500 370
[64]
* This value was estimated from gamma lines only.
The results obtained in the current work are lower than other published data but lie within 
the published world ranges for building materials of 50, 50 and 500 Bq/kg for ^^^Ra, ^^^Th 
and respectively [64]. The levels obtained in the current work for the ^^^Ra and ^^^Th 
decay chains and the radioisotope were comparable with the level obtained for soil from 
our previous study [45]. Such agreement might be expected since cement's raw materials 
(limestone, sand, shale and clay) are usually mined locally and represent the local soil 
components. The mean values of radium equivalent activities of Saudi cement samples 
ranged from 28 to 56 Bq/kg, while the Qatari cement samples ranged from 51 to 53 Bq/kg, 
both are well below the published maximal admissible Raeq of 370 Bq/kg [2], which 
corresponds to an annual effective dose of 1 mSv.
From Table 8.2 it can be observed that the mean values of annual effective dose due to
terrestrial gamma radiation indoors from cement are in the range 0.13-0.25 mSv, taking into
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account the room geometry of a typical Qatarian house. The mean value is found to be less 
than the average external annual effective dose of 460 pSv from natural indoor radiation 
sources of terrestrial origin evaluated by UNSCEAR 2000 [2]. The values of Hm and Hex for 
the building materials samples found to be also below unity.
Table 8.2: Mean values and standard deviation of dose in air, annual effective dose 
equivalent of inhabitants at Im above the ground level in Qatarian dwellings and the 
corresponding external and internal hazard indices due to building materials.
Material
D in air 
(nGy/h) 
Mean ± S.D. 
Range
Annual effective dose 
(mSv)
Mean + S.D. 
Range
Hex
Mean + S.D. 
Range
Hazard index
Hin
Mean + S.D. 
Range
Saudi cement 36.9 + 6.9 0.181+0.034 0.056 + 0.010 0.175 + 0.029
(26-51) (0.127- 0.252) (0.039- 0.076) (0.125- 0.226)
Qatari cement 48 + 1 0.236 ±0.005 0.072 + 0.002 0.209 + 0.005
(47- 49) (0.232- 0.239) (0.071- 0.073) (0.205- 0.212)
Sand 33.8 + 0.8 0.166 + 0.004 0.048+0.001 0.131+0.003
(32-35) (0.159- 0.172) (0.046- 0.049) (0.126- 0.136)
Washed sand 34.5 + 1.2 0.169 + 0.006 0.049 + 0.002 0.134 + 0.005
(31-37) (0.156- 0.180) (0.045- 0.052) (0.123- 0.142)
White cement 27.8 + 0.8 0.137+0.004 0.042 + 0.001 0.134 + 0.008
(26-28) (0.130- 0.140) (0.039- 0.043) (0.125- 0.146)
Worldwide value [2]. 55 0.410 1* 1*
* The upper limit.
Table 8.3 shows values of activity concentration of raw materials samples used as main 
constituents and samples from the minor additives of the Qatarian cement with those 
obtained from other published data in Bq/kg. The activity concentration of ^^^Ra, ^^^Th and 
of raw materials of Qatarian cement are comparable with published values of other 
countries.
Table 8.3: The weighted mean values of activity concentration of raw materials samples 
used as main constituents and samples from the minor additives of the Qatarian cement 
compared to the mean activity concentration for those obtained from other published data in 
Bq/kg.
Sample Mean activity concentration (Bq kg ')
^"Ra 2J2Th 4Ur 2JSu
Clinker 23.5+0.3 9 .7+  0.2 185 + 8 1.4+ 0.4
Kiln feed 15.3 + 0.3 6 .8+ 0 .2 139 + 5 0.7 ± 0 .2
Gypsum 11.5 + 0.2 2 .5+  0.1 72 + 3 0.4 ± 0.2
Clinker (Turkey, 2008) [65] 28.3 + 13.3 15.9 + 3.2 219.0 + 45.2 -
Gypsum (Turkey, 2008) [65] 10.8 + 12.2 3 .6+  2.7 44.5 + 23.2 -
Gypsum (India, 2003) [66] 8.3 - 26.7 -
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Chapter 9 Conclusions and Future Work
9.1 Conclusions
The Radiological Map of the State of Qatar
The activity concentrations of ^^^Ra for all of the investigated samples used for the radiation 
maps of Qatar in the previous chapter, illustrated that areas consisting of sabkha deposits 
(sand and silt flats) were found to be in the range of 20 to 30 Bq/kg with the exception of 
Umm Said which was in the range of 10 to 20 Bq/kg. The measured activity concentration 
values for areas where the soil consists of shale, limestone and dolomite (Dammad 
formation, lower Eocene) varied more widely, from 10 to 200 Bq/kg. This increased 
variation was mainly due to the notable elevation in ^^^Ra concentrations in NW Dukhan. 
The activity concentration in west of Umm Said was found to be in the range of 10-20 
Bq/kg. The underlying geology in this area is Aeolian sand. The activity concentrations in 
all the central areas were found to be in the range of 10-20 Bq/kg. The geological 
background in this region belongs to dammam formation from the middle Eocene period 
(dolomite and limestone).
The distribution of the activity concentration of ^^^Ra showed a tails corresponding 
to higher activities for samples 266 and X228. The highest activity concentration for ^^^Ra 
on the radiological map of Qatar deduced in the current work was found for soil from NW 
Dukhan from sample X228, which has a measured activity concentration of 201.9+1.5stat. 
±13syst.. This elevation might be explained by co-precipitate reactions of radium with other 
host materials such as calcium, strontium and/or barium.
The lowest value for the activity concentration was found in a costal sample 
(number 60) and was 3.11+0.1 lstat±0.23syst. Bq/kg. It is expected that this relatively low 
value is explained by dissolution reactions in the soil. If one assume that the observed 
elevation of activity concentrations observed for samples in the north-west and west of 
Dukhan is due to the mobility of ^^^Ra in the oil-field rocks (which can then be removed
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from the base sampling), then the range in these areas reduced to the more typical range for 
the rest of Qatar of 10-30 Bq/kg. Despite the difference in the methodology, there is strong 
agreement between the measured elevated values in activity concentration of ^^^Ra obtained 
for samples from NW Dukhan in the current study and those reported previously by LA. El- 
Kassas [34].
The mean value of activity concentration of ^^^Ra for the entire sample set (i.e., 129 soil 
samples including X228 and 266) was 17.2 ±1 .5  Bq/kg. The activity concentration levels 
of under the assumption of equilibrium between and ^^^Ra is not disturbed are 
thus considered to be in the normal ‘world’ range. It can be concluded that the measured 
levels of the natural radiation background in the present study from the 129 soil samples lie 
within the expected range relative to the worldwide average of 35 Bq/kg [2], with the 
exception of sample X228 which shows an significantly ‘above average value’ for the ^^^Ra 
concentration.
Activity concentrations of ^^^Ac for the full set of measured samples in the current work, 
which were presented on the radiological map of Qatar showed that the activity 
concentration of ^^^Th in most of sabkha regions were found to be in a range between 0.4- 
10 Bq/kg. The only area that showed slightly higher values (ranging from 10-15 Bq/kg) was 
in Al-Ruays. The values in the dammam formation (Middle Eocene) varied from 0.4-20 
Bq/kg, while the areas where the dammad formation (lower Eocene) is, were all below 10 
Bq/kg. The Aeolian sand regions were also below 10 Bq/kg. The mean value of ^^^Ac for 
the full investigated sample set was 6.38 ± 0.26 Bq/kg with a maximum value of 15.60 ± 
0.30stat±1.15syst. Bq/kg (from sample no. 28) and a minimum value of 0.42 ± 0.04stat± 
0.03syst. Bq/kg (from sample no. 60). The activity concentration of ^^^Ac seems to have an 
almost homogenous and near-gaussian (‘normal’) distribution. The mean value of the 
activity concentrations of ^^^Th lie within the world average value which is known to be 30 
Bq/kg [2].
The activity concentrations of for the full sample population in the present work which 
were used to determine the radiological map of Qatar showed a weak correlation between 
the distributions of activity concentration of and the geological profile, except for 
sabkha regions where most of the samples were found to have activity concentrations for
158
in the range of 10-100 Bq/kg. The values in the danunam formations (Middle Eocene) 
varied from 10-300 Bq/kg, while the dammam formation (lower Eocene) areas showed 
activity concentrations between 100 and 300 Bq/kg. The Aeolian sand regions gave values 
in the range of 200-300 Bq/kg for The values distribution of the activity concentration 
of was found to be normal. The lower values of might be due to the solubility of 
potassium in the soil along the costal regions. All of the obtained values show levels 
within the expected natural background values. The mean value of the activity 
concentration of was about 169 + 5 Bq/kg which is less than half of the literature value 
for the average worldwide value of 400 Bq/kg [2].
The activity concentration of ^^^Cs measured in Qatar in the current work ranged from 0.21 
to 15.41 Bq/kg. The highest activity concentration of ^^^Cs was observed in sample no. 26 
in North of Qatar. The mean value was found to be 2.15 ± 0.27 Bq/kg. It is expected that 
this contamination is mainly due to Chernobyl accident on 26 April 1986. This conclusion 
can not be confirmed because of the lack of data before this accident. The resultant values 
are lower than the observed values for those reported in other countries such as the reported 
values in Jordan in 2002 which ranged from 7.75 to 576 Bq/kg for a sampling depth of 0-2 
cm and a mean value of 88 + 31 Bq/kg [193] and are comparable to those determined in 
Algeria in 1996 which reported a mean value of 4.2 Bq/kg [194]. It is suggested that the 
values reported in the current work are lower than those reported in other countries because 
of the variation in the characteristics of the soil as well as the metrological factors at the 
time of deposition [192].
Figure 9.1 shows summary for the mean values of ^^^Th, absorbed dose rate (D), 
radium equivalent (Raeq) and annual effective dose equivalent (AEDE) obtained in the 
current study together with the world average values.
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Figure 9.1; The mean values of ^^^Th (Assuming equilibrium with ^^^Ac and ^^^Ra 
respectively), the gamma dose rate (D), the radium equivalent (Raeq), the external and 
annual effective dose equivalent (AEDE) for all the samples, NW Dukhan and surface soil 
samples compared to the world avg. values.
North West of Dukhan
The other elevated soil sample (29-X228) that has been collected from NW Dukhan 
obtained values of 208.8±5.6stat.±15.2syst, and 327.4+ 8.8stat±23.8syst. Bq/kg for ^^^Ra(u-235) 
and ^^ ^Ra(Pb-2i4) respectively. The weighted mean of the activity concentration of ^^^Ra, 
^^ '^ Pb and ^^%i was found around a factor of two higher than the highest value reported 
previously in sample no. X228. Two more soil samples (23-X228 and 27-X228) were found 
to be just above the world wide value. Only one sample (sample no. 27-X228) among the 
samples with elevated ^^^Ra activity also showed measurable gamma transition lines 
associated with the decay of In this case, an activity concentration of of 32+ 
18stat.±2syst. Bq/kg was deduced from the measured activity concentration of and 
assuming the standard natural abundance for uranium. The ^^^Ra(u-235) and ^^ ^Ra(Pb-2i4) 
deduced values for the activity concentration were 39.5 + 2.2stat±2.9syst, and 48.5 + 2.8stat.± 
3.5syst. Bq/kg respectively.
Since the deduced activity concentration of is consistent with the measured 
^^^Ra value, it can be concluded that the apparent elevation in the ^^^Ra activity
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concentration compared to other samples measured in this study, may well be due to the 
elevated levels of the parent isotope in the sample. The obtained values for in this 
area were found to be comparable with the results measured directly from the gamma 
transition lines of ^^^Ra and its decay products with exception of sample no. 29-X228 (the 
highest one). This sample did not contain any peaks associated with the direct decay of 
above the MDA and thus could not be used to directly measure the content in the 
current work. The ^^^Ra distribution was found extend with a tails toward higher 
concentration for sample numbers 29-X228, 23-X228 and 27-X228.
The activity ratio of ^^^Th to (assuming equilibrium with ^^^Ac and ^^^Ra) was 
approximately 0.34 for the full sample set. This group of samples have different soil profile 
and hence should have different chemical behaviour because they belong to different 
geological formations [195]. Nevertheless, their activity ratios were similar which indicates 
that they have similar geochemical behaviour. On the other hand, the three ‘odd’ samples 
had different ratios even though they were collected from the same area. This variation 
supports the hypothesis that the elevation of ^^^Ra in these three samples was due to ^^^Ra 
in the oil-field rocks which replaces Ca, Sr and/or Ba in the soil. This is consistent with the 
measured activity concentration of ^^^Ra in sample 29-X228 (which had the highest 
observed value of ^^^Ra among the 34 investigated samples in this area) being significantly 
higher than the value determined previously from sample X228 from the same area. These 
result do not support the hypothesis of elevated co-precipitated with phosphates 
suggested by I. A. Al-Kassas [34], although the activity concentration of ^^^Ra in sample 
numbers 23-X228 and 27-X228 could be due to this reason. Notably, this geographical area 
contains an oil field. Therefore, it is likely that the elevated values of ^^^Ra observed from 
sample no. X228 and 29-X228 are a result of technically enhanced NORM (TENORM) in 
this region. The activity concentration of ^^^Ra was likely to be in a heterogeneous 
distribution, since there was a weak correlation between the levels of activity concentration 
of ^^^Ra and the type of soil in this area. The activity concentration of ^^^Ra in sample 
numbers 24-X228 and 28-X228, which were collected from the same type of soil and close 
to the elevated samples, had normal levels of ^^^Ra compared with the other two highly 
elevated samples (X228 and 29-X228). The activity levels of that been estimated from 
the activity concentration of support the hypothesis that this elevation in this area is
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from an enhanced (daughter) ^^^Ra activity and not from directly, since there is notable 
disequilibrium in ^^^Ra/^^^U ratio in favour of ^^^Ra in the area where samples X228 and 
29-X228 were collected.
The mean value of the activity concentration of ^^^Ra for the samples collected from NW 
Dukhan was 29.5+9.7 Bq/kg. This is higher than the average value for the full sample 
collection and the value obtained for the surface soil samples, but can be considered as 
within the ‘normal level’ of radiation and is below the world wide averaged value.
Gamma Dose Rate
The mean value of gamma dose rate (D) for the full sample set, surface sample set and 
subset of samples taken from the region of NW Dukhan were found to be 18.88 + 0.78 , 
23.8 + 2.6 and 24.2 + 4.3 nGy/h respectively. These value are in the normal expected region 
and well below the published maximal admissible (permissible) dose rate of 51 nGy/h [64]. 
Sample numbers X228 and 29-X228 were both found to be higher than the permissible 
value with values of 92.8 + 6.7stat± 10.2syst. and 160.3+ 11.5stat±18.1syst. nGy/h respectively.
Radium Equivalent
The mean value of radium equivalent activities (Raeq) of gamma dose rate for the full 
sample set, surface sample set and subset of samples taken from the region of NW Dukhan 
were determined to be 38.2 + 1.8, 47.0 + 5.2 and 50.4 + 9.9 Bq/kg respectively. These 
values are also considered to be normal. The highest activity samples, which were collected 
from NW Dukhan (samples no. X228 and 29-X228) were both found to have values less 
than the permissible value of Raeq of 370 Bq/kg [2] (which corresponds to an annual 
effective dose of 1 mSv). They had measured values of 213.90 +15.5stat±23.6syst. and 367.5 
+ 26.4stat±41.5syst. Bq/kg respectively.
External Hazard Index
The mean value of the external hazard index (Hex) for the full sample set, surface sample set 
and subset of samples taken from the region of NW Dukhan were found to be in the normal 
range and all below unity [42].
162
Annual Effective Dose Equivalent
The mean values of the annual effective dose equivalent (AEDE) due to terrestrial gamma 
radiation outdoors obtained for full sample set, surface sample set and subset of samples 
taken from the region of NW Dukhan were all found to be less than the average external 
annual effective dose of 460 pSv/year from natural outdoor radiation sources of terrestrial 
origin [2].
Building Materials
The measured level of natural radioactivity in the present study for the Saudi and Qatari 
building materials from the 20 investigated samples used in Qatar is lower than other 
published data but lies within the world ranges for building materials of 50, 50 and 500 
(Bq/kg) for ^^^Ra, ^^^Th and respectively [64]. The mean values of dose in air, annual 
effective dose equivalent of inhabitants at Im  above the ground level in Qatarian dwellings 
and the corresponding external and internal hazard indices due to building materials were 
all also below the published maximal admissible values for building materials. It can also 
therefore be concluded from the results obtained in the current work that the mean values of 
radium equivalent activities of Saudi and Qatari building materials samples are all below 
the recommended safety limit of 370 Bq/kg [2]. Therefore, the use of these materials in 
construction of dwellings is considered to be safe for inhabitants. Absorbed dose and annual 
effective dose for individuals living in domestic dwellings were found all below the 
worldwide average. The external and internal hazard indices were also found to be less than 
1, indicating a low dose. In view of the above facts, these materials are quite safe to be used 
as building materials.
The mean values obtained in the current work for the ^^^Ra and ^^^Th decay chains, 
and ^^^Cs radioisotope from soil and building materials samples were normal and 
comparable with the values obtained for soil and building materials from our previous 
studies [45] and [56]. The mean values of gamma dose rate, the radium equivalent (Raeq), 
the external and internal hazard indices (Hex and Hint) and annual effective dose equivalent 
(AEDE) which were determined for each of the samples indicate that Qatar can be regarded 
as having normal levels of natural background radiation.
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9.2 Future Work
In the current study, the peak at 63 keV was rarely detected due the relatively high 
background in this region of energy. This peak is essential to resolved the activity 
concentration of ^^ "^ Th and ^^^Ra for the decay series ^^^Th for the decay series 
and ^^^Th, using the reference peaks 295.21 keV from ^^ "^ Pb and 338.322, 911.20 and 
968.97 keV from ^^^Ac. The gamma transition lines at 143.76 and 163.35 keV also could 
not be detected in a number of the investigated samples in the current work. These issues 
can be resolved by using ultra low-level gamma spectrometry detector with an anti- 
Compton coincidence system. A further study for the same samples using this type of 
detector is suggested.
The radiological map of the activity concentration of the radionuclide, ^^^Cs has been 
determined using soil at depths ranges of 5-25 cm. ^^^Cs is likely to be lower at these 
depths than the activity concentration in topsoil samples. As only 7 soil samples were 
analysed in the current work, it is suggested that a further study to be done on the 
radioactivity concentrations of ^^^Cs, ^^Sr, "^^ ^Am, ^^^Pu and 239,240p^  the Qatarian 
topsoil, particularly following the recent (March 2011) Fukushima accident, in order to 
address this issue in a more statistically significant picture.
In order to obtain more statistically significant picture of the complete radiological map of 
the Qatarian peninsula with a higher geographical resolution, future work should involve 
the analysis of more samples on a suggested grid of 1:5 km^ which have already been 
collected and postponed due to time limitation in the current research. The total number of 
samples would therefore be around three times more of the investigated samples in the 
current work.
A further study is suggested to be done to investigate the quantities of the chemical 
elements in the elevated samples that been collected from NW Dukhan using for instance. 
Atomic Absorption Spectroscopy. The results will be useful to finalize the explanation of 
the localised ^^^Ra elevation in Qatar.
It is also suggested that the absolute efficiencies of the soil samples might be further
corrected for the small differences in the density and geometry between the standard
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sources and some samples in this work, which could be done using Monte Carlo simulation 
and/or through fixing the geometry of all of the soil samples to be identical to the geometry 
and density to the standard calibration sources. This would also be useful for the additional 
determination of the activity concentration for using the gamma line transition 185.72 
keV which can not be resolved due to the overlap with the line 186 keV associated with the 
alpha decay of ^^^Ra from the decay chain.
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o f k = 2, providing a  level of confidence of 95  %. (Ref. NIST Technical 
Note 1297rG uide to the Expression of Uncertainty' in M easurement" 
ISO Guide. 1995)
Related to Eu-152 (equal 100 %) the folfov/ing radioactive impurities 
w ere detected: Eu-154 < 0 .4  %
The quality assurance system  of n u clitec  GmbH w as certified by 
Lloyd's Register Quality A ssurance (LRQA) according to ISO 9001 , 
issu e 2000. Isolrak products m eet the requirements o f 10C FR 50  
Appendix B in the USA.
Density approx. 1.6 g/cm '
6 5 . Issue
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Uncertainty
The rcportea m w la ln ty  is 
based cn slandard uncertainly 
nuil’.iptied by a coverage factor 
k ■ 2 , providing a levet of 
cortfidencc of opproxlmale^ 
9G %. (ISO Guide. tS05)
Traceability
Tfss ccftincate documents Bie 
traceability of measurement 
results to national standards. 
Standard measurir^ equipment 
and methods for the realisaWn 
of physical units of rreasufe- 
ment according to Ihe Inter- 
nab'onai System of Units (Si), 
Traceabiilty is defined as The 
property of a resist of a 
measurement v<here^ It can 
be related to appropriate stan­
dards, generally intematicnal 
OT.nafional standards, thrw^h 
an unbroken chain of compari­
sons*.
nuclitec GmbH has been 
accredited as DKD (Deutscher 
Kalibrlerdienst) caBbration 
latwratoiy by the Physikaïsch- 
Technlscfie Bundesanstatl 
(PTB) and is authorized to 
issue referents sources which 
are taceable to national stan­
dards held at the PTB In Ger­
many.
Because of the Europrean co­
operation for Acaedltatlon (EA) 
mutual recognilion agreement 
the certtOcates are also ac­
cepted by all EA-memtJcre (o. 
g. llKAS).
This product compiles with the  
requBermnts for (raceabtlty to 
NIST spedSed in the American 
National Standard "Traceability 
of Radioactive Sources to the 
NIST and Associated Jnstru- 
ment Quality Centre! (ANSI 
N42.22-1995r.
As a requirement for (he ANSI 
f!4222-t995 nuclitec GmbH  
participates In the  NEI,*N(ST 
Measuroments Assurance 
Program of tiTC Nuclear Power 
Industry.
Leakage and contam ination te s ts
stringent tests for (eakaos arc an essential feature of radioactive sources production. They are based « r  ISO G97B. Some standard meth­
ods used for testing rattâilon sources are Bsted below.
Wipe test I
The source is wiped with a 
swab Of tissue, morstened with 
ethanol or water, the activity 
rema',*ed Is measured.
Limit: 200 Bq 
(Umit US.A 5 fiCi)
imm ersion te s t  l(
The source Is immersed a 
suitable liquid at £0 "C for at 
least A hours and the activity 
renraved is measured.
Ltmlt: 200 Bq 
(Limit USA; 5 nCO
Bubble te s t lit
The source is Immersed in 
water or a suitable liquid and 
the pressure in the vessel 
reduced to 13 kPa (10O mm 
Hg). No bubbles must be 
(Served.
ISO cîassiflcâtion
The inlemafianat Organization for SlandsrtEzafion (ISO) has proposed a ^ l e m  of classification of scaied radioactive sources based on 
safety requb^emenis tor typical uses (see ISO 29tS aixt ANSI N43.6-t997). This system provides a manufactieer of sealed radioactive 
sources with a set of tests to evaluate ttie safely of his products. It also assists a user of such sealed sources to aefect types which suit 
the application he has in rrfnd. The tests to wldch specimen sources ana srÆ^cted are bsted in the followir^ table.
Classification of scaled  so u rce  perform ance stan d ard  according to  ISO 2919 and  ANSI N43.6-1997
etas*
1 3 3 t e fi X
Temperslufe No test .  <0 °C (20 min) 
+ 8D 'C (1 h)
- 40 *C (20 min) 
+ 180 "C(1 h)
-4 0  "C (20 mm)
♦ 400*C (1 h) 
and thermal shock 
400 'C  to 20 *C
- 40 *C (20 min)
+ e0O‘ C (1 h )  
and thermal shock
e o o 'c to s o 'c
- 40 *C (20 nsn)
+ eca ' c  ( 1  h)
and thermal shock 
800 *C to 20 *C I
External
Pressura
No test 25 kPa ebsoluie 25 KPa absotute 
to 2 f\tPa absolute
25 kPa absolute 
to 7  f.tPa absolute
25 kPa absolute 
to 70 MPa abso­
lute
25 kPa Bbsolute 
to 170 MPa abso­
lute
Impact No lest 50 0  from 1 m 2 0 0  q from 1 m 2  kq from 1  m S ko Irom 1 m 2 0  kq from 1 m
Vibration No lest 3 X io  min 
25 - £00 Hz at 
5 g peak ampli­
tude
3 x 1 0  mm 
25 ■ 50 Hz at 5 g 
peak anplituda 
end SO • SO Hz St 
0.635 mm ampli­
tude peak to poak 
and SO-5 0 0  Hz at 
1 0  g peak ampli­
tude
3 x 3 0  min 
25 ■ GO Hz St 
1,5 mm amplitude 
peak to peak and 
GO. 2000 Hz Bl 
2 0  g peak ampli­
tude
Puncture No lest 1 0  from 1 m 1 0  q from 1 m 50 q from 1 m 300 0  from 1 m 1 kq from 1 m
Special applications
No test programme can cover 
all possible corntrsnabons of 
environments to which a 
source may be exposed.
Users shoiAf tlKfrelcre ccnsuli 
our experts before using 
soirees in poisniiaKy adverse 
environments.
IAEA Special Fomri
■Special Form* is a test specif)- 
cation for sealed sources given 
in the IAEA transport regula­
tions (IAEA TS-R-1).
It is used in determining the 
maximum acceptable activities 
for various types of transport 
containers.
If nothing else ts stated, the 
reference dale is idenbcai vribi 
the dale of manufacture.
Quality assu ran ce  
System
The quality essuranoe system 
of nuclitoc GmbH was cerli- 
fed by Lloyd's Register Quality 
Assurance (LRQA) as-cording 
to 150 9001:2000 end Becom­
ing to I S 0 13485:2003 for 
medical devices. Isotrak prod­
ucts meet the requirements of 
1 0CFRM  Appendix B.
NRC Advice
Radioactive f.taterial -  not for 
hisnan use - inbroducllon into 
foods, beverages, cosmetics, 
drugs, or medicinals, or into 
products manufactured for 
comnKrdat disUfoutson Is 
prohibited ■ exempt quanUtics 
should nc4 be combined
©nuclUec
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DEUTSCHER KALIBRIERDIENST DKD
Kalibrierlaboratorium / Calibration laboratory
Akkreditiert durch die /  Bccædited by the 
Akkreditterungsstelle des Deutschen Kalibrierdienstes
n u clitec  GmbH
G ieselw eg  1, 38110  Braunschv/eig, Germany 
Tel +49 5307 932-0, Fax +49 5307 932-194  
S ou rce No. RP 740
Kalibrierschein 
Calibmtion coriificate
DKD-K-06501
Kalibrierzeichen
Calibration mark
021067
DKD-K-
06501
2009-03
G egenstand
Object
H ersM er
AfanufeeJurer
%
Strahier-Nr.
Source ftumfcer
Auftraggeber
Cuslarncr
Gamma Reference Source 
nuclitec GmbH 
TYRB15349 
RP 740 
High Technology Sources Ltd. 
GB 0X11 7HP DIdcot
Auftragsnummer
Order tJo.
Anzahl der Seiten d es Kalibrierscheines 
Number ofpeaes of tbe ceriificete
Datum der Kalibrlerung
Date of calibration
127098 
2 
1 February 2009
D ieser Kalibrierschein dokum entiert die 
Rückführung airf nationale Normale zur 
Oarstellung d e r Einheiten in Ober- 
elnstimrnung mil dem  Intem ationalen 
Einheitensystem  (Si).
Oer DKD ist U nterzeichner der muUi- 
lateralen Obereinkommen d e r European 
co-operation for Accreditation (EA) und der 
International Laboratory Accreditation 
Cooperation (ILAC) zur gegenseitigen  
Anerkennung der Kelibrierscheine.
Fur die Elnhaltung einer an g em essen en  
Frist zu r tAlederholung d e r Kalibrienung 1st 
d e r  Benutzer verantwoiiiich.
This calibration certificato documents the 
traceability to national standards, which 
realize the units of measurement according 
to tho M em atidnaf System  of Units (SI),
The DKD is signatory to the multilateral 
agreements of the European co-operation 
for Accreditation (EA) ànd of the 
tnlemational Laboratory Accreditation 
Cooperation (ILAC) for the mutual 
recognition of calibration certificates.
The user is obliged to have the object 
recalibrated a t appropriate inten>als.
D ieser Kalibrierschein darf nur voUslândig und unverândert woiterverbreitet werden. A uszüge Oder Anderungen bodDrfen 
d e r  Genehmigung sovrohl der Akkreditierungsstelle d es  DKD a ls  a u d i  d e s  aussteilenden Kalibrierfaboratoriums. 
Kalibrierscheine ohne UnferschrifI und S tem pel haben keine GQIfigkeit.
This calibration cedificate may not be reproduced other than in full except nith the permission of both the Accreditation 
Body of the DKD and the issuing laboratory'. Calibration certificates withoik signature and seal ere not valid.
Stompe! 
Seal
Datum
05501
Leiter des Kalibrierlaboratoriums Sîeüvertreter
Head o f Ihe caiib.ration laboratory Deputy
2 March 2005
Dr. Thieme o Schott
Bcartjeiter 
Person i,n charge
Lehmacher/ Sctiohl / 
Schott I Schüler
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Seite  
P age  2
021067
DKD-K-
06501
2009-03
Gamma Reference Source
Source no.
Drawing
Nuclide
Activl^
Reference date
Leakage and contamination test 
W ipe test passed  on 
Measuring method
Traceability
Uncertainty'
Radioactive Impurities 
Quality assurance system
Remark
R P 7 4 0  
VZ-3602-001 
Thorium-232 
1.08 kBq
1 February 2009 at 12:00 UTC 
Wipe test according to ISO 9978.
2 March 2009
The activity of the source w as determined by comparison with a 
reference source o f  the sam e construction using a  
high purity germanium detector with multichannel analyser.
Additional to the direct traceability to the PTB through the DKD this 
product com plies with the requirements for traceability to NIST 
specified in the American National Standard 'Traceability of 
Radioactive Sources to the NIST and Associated Instrument Quality 
Control (ANSI N42.22-1995)". As a requirement of the ANSI N 42.22- 
1995 nuclitec GmbH participates in the NEI/NIST M easurem ents 
Assurance Program of the Nuclear Power Industry.
The relative uncertainty of the activity is 5  %..
The reported uncertainty, determined according to the DKD-3 report 
is based  on the standard uncertainty multiplied by a coverage factor 
of k = 2, providing a level of confidence of 95 %. (Ref. NIST Technical 
Note 1297/'Guide to the Expression of Uncertainty in Measurement" 
ISO Guide, 1995)
Related to Th-232 (equal 100 %) the following radioactive Impurities 
w ere detected: Ra-226 < 0.1 %
The quality assurance system  of nuclitec GmbH w as certified by 
Lloyd's Register Quality Assurance (LRQA) according to ISO 9001, 
issue 2000. Isotrak products m eet the requirements of 10CFRS0 
Appendix B In the USA.
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Explanations for Certificates (Page 2 of Certificates)
UncDrtainty
The reported mcerlalnly b  
based ort standard uncertainty 
mutllplicd by a coverage factor 
k = 2 . providing a level of 
confidence of approximalely 
95 (ISO Gside, 1595}
Traceability
Thb certiflcEte documents the 
traceatimy of measirement 
rescfts to national starKfards, 
standard measuring equipment 
and methods for the realisation 
of pityslcaJ units of measure­
ment according to Ihe Inter­
nationa! System of Linrts (SI). 
Traoeahillfy Is defined as the 
property of a rcsull of a 
measurement whereby It can 
be related to appropriate stan­
dards, generally intematlonal 
or.naiionat standards, through 
an unbrolcen chain of compari­
sons’.
nuclitec GmbH has been 
accredited as DKD (Deutscticr 
Kallbrterdienst) caiitjration 
laboratory by tte  Physthatlsch- 
Technische Bimdesanstait 
(PTB) and Is authorized to 
fesue reference sources which 
are traceable to national stan­
dards heW at the PTB in Ger­
many.
Because of the European co­
operation for Ascred-tation (EA) 
mutual recognition agreement 
the oertificatM are also ac­
cepted by all EA-memljers (e. 
g. UKAS).
This product conplies v/lth the 
requirements for traœabllity to 
NIST sped5ed In (ho Amoncan 
National Standard Traoeabllity 
of Radtoaclive Sources to the  
NIST arsd Associated Instru­
ment Quality Control (ANSI 
N42Æ2-1095)-.
As a requirement for the ANSI 
N42.22-1995 nuclitec GmbH  
partidpatea In the NEL'NIST 
Measurements Assurance 
Program of the Nuclear Power 
Industry.
Leakage and contamination tests
stringent tests for leakage are an essential feature of radioactive sources production. They are based on ISO 9976. Seme standard meth­
ods used fortestirg radiation sources are listed below.
W ipe te s t  I
The source Is wiped with a 
Swab or (issue, morstened w;h  
elfranol or water, the activily 
removed Is measured.
Lbnil; 2 0 0  Bq 
(Limiî USA: 5 nCi}
immersion test II
The source Is Immersed In a 
Sizable Squid at 50 *C  for at 
least 4  hours and the activity 
removed Is measured.
UmIC 200 Bq 
(U nit USA: 6  nCi)
Bubble test III
The source is fenmessed in 
water or a suitable llqt&l and 
the pressure in (he vessel 
reduced to 13 kPa (100 mm 
Hg). No bubbles must be 
observed.
ISO classification
The International O rganL.  __________________ _____ - - , . , _____  ,  _______________________________________________
safely requirements for lyplcat uses (see ISO 2319 and ANSI N43.6-1B9/). This system povides a manufacturer of sealed radioactive 
sources with a set of tests to evaluate the safety of his products. It also assists a user of such seated sources to seted types which suit 
(he applicatJon he has in mind. The tests to wWch spedmen sources are subjected are listed In ifie following table.
Classification of sealed source performance standard according to ISO 2919 and ANSI N43.6-1997
Class
1 3 d 4 6 É X
Temperature No lest - 4 0 ’'C (20rrtn ) 
+ 6 0 * C ( f h )
- 4 0 - 0 ( 2 0  min) 
+ 1 8 0 ’C (1 h )
-  40 "C (20 nan)
*  400 *C (1 h) 
and thermal staock 
400 'C  to 2 0 'C
- 4 0  ‘CfZOlTSl)
+ 605 "C (1 h) 
and thermal shock 
600 "C to 20 ’ C
-4 0  (20 mm)
+ 800 "C (1 h) 
and thermal s(»ck  
600 "C to 20 *C 11ExternalPressure No test 25 kPa absolute 25 kPa absolute to 2  MPa absoluto 25 kPa absciuto to 7 fitPa absotulc 25 kPa absolute to 70 MPa abso­
lute
25  KPa absolute 
to 170 MPa abso­
lute
imoset No test 60 fl from 1 m 2 0 0  a  from 1 m 2  kq from 1 m 5 kq from 1  m 20 kq Irom 1 m
Vibration Notes; 3 X 1 0  rwn 
25 -6 0 0  Hz a;
5 g peak ampli­
tude
3 x 1 0  min 
2 5 -5 0  Hz at 5  9  
peak ampMude 
and 50 - 90 Hz at 
0.635 mm ampli­
tude peak to peak 
and 90 • 600 Hz at 
1 0  g peak ampli­
tude
3 *  30 min 
25 - GO Hz at 
1.5 mm amplitude 
peak Io peak and 
60 - 2000 Hz at 
2 0  g peak ampli­
tude
Puncture No test 1 q from 1  m lO q fre m l m 60 q from 1  m 300 q from 1 m 1 kq from 1  m
Special applications
No test programme can cover 
all possible combinations of 
environments to v/hich a 
source may t e  exposed.
Users should therefore constfl 
our experts before using 
sources in potentially adverse 
environments.
IAEA Special Form
'Special Form' Is a test specin- 
calion for seated sources given 
in tt>e IAEA transport regula­
tions (IAEA TS-R-1). 
it Is used In determining the 
maximum acceptable acbvtlics 
for various types of transport 
containers.
If nobang else is stated, ttie 
reference date is Identical vrith 
the date of manufacture.
Quality assurance 
System
The quality assurance system 
of nuclltoc GmbH was certi­
fied by Lloyd's Register Quality 
Assurance (LRQA) ac-cording 
to ISO 90013009 and accord­
ing to I S 0 13465:2003 for 
medical devices. Isotrak prod­
ucts meet the requrements of 
10CFR50 Appendix B.
NRC Advice
Radioactive Material - not for 
tsjman use - Introduction into 
foods, bovcragcs, cosmetics, 
druqs, or medicinals. or mto 
products manufatrtured for 
comiherdat distritxiticn Is 
prohibited - exempt quantities 
Should not be combined
R E t. issue 1 . 2C05 1 1  17 ©nuclitec
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DEUTSCHER KALIBRIERDIENST DKD
Kalibrierlaboratorium / Calibration laboratory 
Akkreditiert durch die /  accredited by the 
Akkreditierungsstelle des Deutschen Kalibrierdienstes
nuclitec GmbH
G iese lw eg  1, 3 8 1 1 0  B raunschw eig, G erm any  
T el +49 5 3 0 7  93 2 -0 , Fax + 49  5 3 0 7  9 3 2 -1 9 4  
S o u r c e  N o. RP 741
Kalibrierschein
Calibration cedificate
DKD-K-06501
Kalibrierzeichen
Calibration mark
0 2 1 0 1 5
DKD-K-
06501
2 0 0 9 -0 2
G egen stan d
Object
HersteUer
Manufsctuivr
Typ
Type
Strahler-Nr.
Source ra/mfeçr
Auftraggeber
Cüsfomer
Auftragsnummer
Order No.
Anzahl der Seiten  d e s  Kalibrierscheines 
Number o f pages o f the ceri/ftcBSe
Datum  der Kalibherung
Date of ca'ibretian
Gamma Reference Source 
nuclitec GmbH 
RARB15350 
RP741 
High Technology Sources Ltd. 
GBOX11 7HP DIdcot
127098
2
1 February 2009
Dieser Kalibrierschein dokumentiert die 
Rückführung auf nationale Nomnale_ zur 
Darstetlung der Einheiten In Ober- 
cinsfimmung mil dem Intemationalen 
Einheitensystem (SI).
Der DKD 1st Unterzeichner der muiti- 
fatoralen Obereinkommen der European 
co-operation for Accreditation (EA) und der 
International Laboratory Accreditation 
Cooperation (ILAC) zur gegenseitigen  
Anerkennung der Kalibrierscheine.
Für die Elnhaltung einer angem essenen  
Frist zur Wiederholung der Kalibrlerung ist 
der Benutzer verantwortlich.
TTiis calibration ceriif/cale documents the 
traceability to natiorraf standards, which 
realize the units of measurement according 
to the International System of Units (SI).
Tho DKD is signatory to the rnultifeteraf 
agreements of the European co-operation 
for Accreditation (EA) and of the 
International Laboratory Accreditation 
Cooperation (ILAC) for the mutual 
recognition of calibration cerf/ïïcafes.
The user is obliged to have the object 
recalibrated at appropriate intervals.
Dieser Kalibrierschein darf nur voltsiandig und unverëndert vreiterverbreitet vrarden. AuszDge oder Anderungen bedürfen 
der Genehmigung sov/ohl der Akkrcdiilerangsstelle des DKD als such des aussteilenden Kalibrierfaboratoriums. 
Kalibrierscheine ohne Unferschrift und Stempel haben keine Gültigkeit.
This calibration certificate may not be reproduced other than in full except with the permission of both the Accrcd/fat/on 
Body of the DKD and the issuing laboratory. Calibration certificates without sig.nature end se e / are not valid.
Stempel 
Sea/
Datum
06 501
24 February 2009
Leiter des KalibrisfSaboraloriurns 
Mead o f the cafib.'etion laboratay
Or, Thieme
Steltvertreter
Deputy
Beartjeiter 
Person In charge
Lehmactier/Schohl I 
ScfvDtt/Schuler
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Sette  
P age  2
DKD-K-
06501
2 0 0 9 -0 2
Gamma Reference Source
S ource no,
Draw'ng
Nuclide
Activity
R eferen ce date
Leakage and contamination test 
Vi/ipe test p a ssed  on 
M easuring method
Traceability
Uncertainty
Radioactive Impurities 
Quality a ssu ran ce system
Remark
R P 7 4 1  
V Z-3602-001  
Radium-226  
3 .1 0  kBq
1 February 2 0 0 9  at 12:00 UTC 
W ipe te st  according to ISO 9978 .
24 February 2009
The activity o f the source w a s  determined by com parison with a  
reference source of the sa m e  construction using a  
high purity germanium detector vilth multichannel analyser.
Additional to the direct traceability to the PTB through the DKD this 
product com plies with the requirements for traceability to NIST  
specified  in the American National Standard 'Traceability of 
Radioactive S ou rces to the NIST and A ssociated  Instrument Quality 
Control (ANSI N42.22-1995)". A s a  requirement o f the ANSI N 4 2 .2 2 -  
1995 n u c litec  Gm bH participates in the NEI/NIST M easurem ents 
A ssurance Program o f the Nuclear Povrer Industry.
The relative uncertainty of the actlv% is 5  %.
The reported uncertainty, determ ined according to the DKD-3 report 
is b ased  on the standard uncertainty multiplied by a  coverage factor  
of k = 2, providing a  level of confidence of 95  %. (Ref. NIST T echnical 
N ote 12977'Guide to the Expression o f Uncertainty in Measurement" 
ISO Guide. 1995)
R elated to R a-226 (equal 100 %) the following radioactive impurities 
w ere detected: none
The quality assu ran ce system  o f n u clitec  GmbH w a s certified by 
Lloyd's R egister Quality A ssurance (LRQA) according to ISO 9 0 0 1 , 
is su e  2000 . Isotrak products m eet the requirem ents of 10C FR 50  
Appendix B in the USA.
Active volum e 550 ml 
Density approx. 1.1 g /cm '
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Explanations for Certificates (Page 2 of Certificates)
Uncertainty
The reported uncertainty is 
besed on standard u n o e r t^ y  
muRiplied by a  coverage factor 
k =  2, prov^fmg a level of 
confidence of appfoxirnalely 
95 %- {ISO G lide. 1995}
Traceability
This certificate documents (he 
fraceabiBly of measurement 
resiifs to national standards. 
Standard measuring equfprmnt 
and metfxxfs for lAe realisation 
o f ptiysical units of measure­
ment according to the Intor- 
naticnat System o f Units (St). 
Traceability is doGncd as 'the 
property' of a restXl of a 
measurement wherelay It can 
be refated to appropriate stan­
dards, genera3y Infernafioaal 
or.national standards, through 
an unbroken chain of oompari- 
sons'.
nuclitec GmbH has boon 
accredited as DKD (Deutscher 
Kalibrierdenst) caiibratlon 
laboratory by me Physikalisctv 
Techniscfse Bundcsanstait 
(PTB) and is authorized to 
Issue reference sources wMch 
are traceable to natlohaf stan­
dards tvetd at the PTB in Ger­
many.
Because of the European co- 
opefalion for Accreditation (EA) 
mutual recognition agreement 
the certrficates are also ac­
cepted by aii EA-members (e. 
g.U K A S).
This product complies vrim the  
requirements for traceability to 
NiST specibed in ttie American 
National Standard "Traceability 
of Radtoacllve Sources to the  
N iST and Associated Instru­
ment Quality Control (A N S I 
N42.22-19953".
As a requirement for the A N SI 
N42.22-1995 nuclitec G m bH  
particfpatea In Iho N E I/N IST  
Measurements Assurance 
Program of the Nuclear Pov/er 
Industry.
Leakage and contamination tests
Strktgent tests for leskaae are an essential feature of radioactive sources production. They are based on ISO 9978. Some standard m eth­
ods used for lestlng radiation sources are listed below.
Wipe test I
T h e  source is wiped with a  
swab Of tissue, moistened widi 
clhanot or water, the activfty 
removed is measured.
Limit: 200  Bq 
(Um it USA: 5 nCi)
Immersion test II
The source is Irronersed in a 
suitable llqu'd at 50 *C  foe at 
least 4  hours and the activity 
removed Is measured.
Umit: 200  Bq 
(Limit U S A  5  nCI)
Bubble test 111
The source is Imrrersed in 
water or a  s u lta t^  liquid and 
the presswe In drc vessel 
reduced to 13 kPa (ICO mm  
Hg). No bubbles must be 
observed.
ISO classification
The International Organization for Standardization (ISO) has proposed a  system of cfassiRcaticn o f seated radfoactive sources based on  
safety requirements foe typical uses (see ISO 2919 a rr i ANSI N43.6-199t>. This system provides a  manufacturer of seated radioactive 
sources v/tth a set of tests to evaluate the safety of his products. It also assists a user of such sealed sources to select types which suit 
the application has In mind. The tests to which speciiron sources are subjected are listed In the following table.
Classification of sealed source performance standard according to ISO 2919 and ANSI N43.G-1997
Class
1 2 3 4 « a X
Ternpcratur* No test -  40  "C (20 min) 
+ 60 "C (1 h)
- 4 0  "G (20 mm) 
+  163 °C (1 h)
- 4 0  “C (20 min)
+ 4 0 0 *C (1  h) 
and thermal shock 
400 *C  to 20 °C
- 4 0 'C  (20 min)
+ 600 *C  (1 h} 
and thermal shock 
600 "C Id 20  C
- 4 0 'C ( 2 0  min)
+ 800 'C  (1 h) 
and thermal shock 
803 "C to 20 -Q Î
External
Fressure
No lest 25 KPa absolute 2 5  KPa absolute 
to 2  filPa Bbsolute
25 kPa Bhsolule 
to 7 f/.Pa absdlute
25 kPa absolute 
to 70 M Pa abso­
lute
2 5  kPa absolute 
to 170 MPa abso­
lute
No test 50 q from 1 m 200 g from 1 m 2 kq Irom 1 m 5 kq Irom 1 m 20 kq Irom i  m
Vibration No test 3 x 1 0  min 
25 -  500 Hz at 
5 g poak amplF 
tude
3 x 1 0  min 
25  -  50  Hz at G g 
poak amplitude 
and 50 -  90 Hz at 
O.C35 nvn ampli­
tude peak to peak 
and 90  - 503 Hz at 
ID  g peak ampli­
tude
3 x 3 0  min 
2 5 -6 0  Hz at 
1,5 mm amplitude 
peak to peak and 
0 0 -2 0 3 0  Hz 0 1  
20  g peak ampli­
tude
Puncture No test 1 0  trom 1 m 10 o  Irom 1 m 50 q from 1 m 300 q fntxn 1 m 1 kq from 1 m
Special applications
N o test programrTfê can cover 
all poss&le combinations cf 
environments to tvhich a 
source may be exposed.
Users should therefore consult 
our experts txfore using 
sources In potentially adverse 
environments.
IAEA Special Form
'Special Form' is a tost specifi­
cation for seated sources given 
in the IAEA transport regula­
tions (IAEA TS-R-1).
It Is used In determining the 
maximum acceptable acW tlss  
for various types of transport 
containers.
If  nothing else Is stated, the 
reference date is identical with 
the date of manufacture.
Quality assurance 
System
The quality assurance system 
of nuclitec G mbH was certi­
fied by Lloyd's Register Quality 
Assurance (LRQA) ac-cording 
to ISO 9001:2090 and accord­
ing to IS 0  13485:2003 for 
medjcsî devices. Isotrak prod­
ucts m eet ttse requirements of 
1DCFR50 Append» B.
NRC Advice
Radioactive f.taterial -  no: for 
human use -  Production Into 
foods, txrverages. cosmetics, 
drugs, or medidnals. or Into 
products manufactured for 
comtiorcial d^tribulion is 
prohrixted -  exempt quantities 
Should not be combinai
R E l .  i s s u e  1 .2 :O E ;-1 1 -ti
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Explanations for Certificates (Page 2 of Certificates)
Uncertainty
Th e r^Mjrted uncertainty is 
based on standard uncertainty 
multiplied by a coverage (actor 
k  •= 2. providmg a  level o f 
confidence of approximately 
95  %- (ISO  Guide. 1995)
Traceability
This ccrtiJicate documents (he 
traceatxTdy of measurement 
results to national standards, 
standard measuring equipment 
and nxrihods for the realisation 
o f physical units of measure­
ment aocordjng to Uio Inter­
national System of Units (St). 
Traceability Is defined as The 
property of a  result of a 
measurement vrhetsby It can 
be rotated to apprcpriate stan­
dards, generally fcitematsonal 
or. national standards, Ihretqh  
arr untirokcn chain of corrparP 
sons'.
nuclitec GmbH has been 
accredited as DKD (Deutscher 
KaJibrierdienst) calibration 
tatxjratoey by the Physikalisch- 
Technische Bundcsanstalt 
(PTB) and Is authorized to 
Issue rofcrence sources w tiid i 
are traceable to national stan­
dards (Kid at ttve PTB In Ger­
many.
Because of tho European co- 
cpersticfi for Accreditation (EA) 
mutual reoc^nltion agreement 
tho certificates are also ac­
cepted by aB EA-members (e. 
g. UKAS).
TWs product complies wttti the  
roDUBttmcnls (or Iraoeabllily to 
N IS T  specified In the Amoncan 
National Starvdard Traoeabttity 
of Radioactive Sources to the  
N IS T  and Associated Instru­
ment QuaSty Control (A N SI 
N42.22-199S)*.
As a  rpçuiremerd for the A N S I 
N42.22-1B95 nuclitoc G m bH  
partictpates In the N E I/N IST  
MeasiH’ements Assurance 
Program of the Nuclear Power 
industry.
Leakage and contamination tests
stringent tests for leakage are on essential feature of radioaclrrc sources production. TJvjy arc based on ISO 9978. Some starxferd meth­
ods used (or testing radiation sources are listed below.
Wipe test I
T h e  source is wiped with a  
swab or tissue, morstened with 
cthanoa or water, the activity 
romovod Is measured.
Umit: 200 Bq 
(Limit USA: 6 nCI)
Immersion test II
The Botroe is immorscd In a 
suitable liquid at 50 *C for at 
(oast 4  hours and the acthnty 
removed Is m caswed.
Umit: 200  Bq 
(Umit USA: 5 nCO
Bubble test III
The source Is Immersed In 
water or a  suitable liquid and 
the pressure In the vessel 
reduced to 13 kPa (100 mm  
Hg). No bubbles must be  
Observed.
ISO classification
Th e Inlernattonaf Organtzstlon for Standarrfizalion (ISO) has proposed a  system of classification of seated radioactive sources based on  
safety requirements for typical uses (see ISO 2919 and ANSI N 43 .5 -I997). This system provides a manufacturer o f sealed radioactive 
sources with a set of tests to evaluate U »  safety of his products- II afsoi assists a  user of such sealed sources to aeJecl types which suit 
(he BM^icaifcn fie tuts In mind. The tests to wtuch specimen sources are subjected arc listed tit (he following table.
Classification of sealed source performance standard according to ISO 2919 and ANSI ISI43-6-1997
Clasa
1 X 3 4 s e X
Temperature No test -4 Q * C (2 0  min) 
♦ 80' *C (1 h)
- 4 0  "C (20 min) 
+ 160 "C (1 h)
-  4 0 'G  (20 min)
+ 4 0 0 *C  (1 (1) 
and Ihermsl shock 
40 0  *C to 20 "C
- 4 0  *C (20 min)
+ 609  *C  (1 h) 
and thermal shock 
600 *C  (0 20  *C
- 4 0 'C  (20 min)
+  809 C  (1 h) 
and thermal shock 
800  *C (0 20 *C 11ExternalPressure No lest 25 icPa absolute 25  kPa absolute to 2 M Pa absolute 25 kPa absolute to 7  M Pa absolute 25 kPa ebsoiuto to 70 M Pa abso­
lute
2 5  kPa absolute 
to 170 M Pa abso­
lute
No tcsl 50 o from 1 m 200  0  from 1 m 2 kq trom 1 m S ko from 1 m 2 0  kq from 1 m
Vibration NO test 3 x  10 min 
25 • 500 H z St 
5 g peak ampli­
tude
3 x 1 0  min 
2 S -5 D H z a t 5 g  
peak amplitude 
and SO -  90 Hz at 
0.G3S mm ampti- 
tude peak to poak 
and GO -  500  Hz at 
10 g peak ampli­
tude
3 X 30 min 
25 -  80 H z at 
1.5 mm amplitude 
peak to peak and 
60 - 20CO Hz at 
20 fl peak ampli­
tude
Piifteture No test 1 o from 1 m 10 0  from 1 m so q from i  m 300 0 from 1 m 1 ko from 1 m
Special applications
No (est pri^ram me can cover 
all possible combinations of 
environments to which a 
source m aybe exposed.
Users shouSd therefore consult 
o w  experts before using 
sources In psterriiafly adverse 
environments.
IAEA Special Form
'Special Form’ is a tost speed»- 
cation for sealed sources given 
in the IAEA transport regula­
tions (IAEA T S 4 Î-1 ).
It is used in determining the 
maxtinum acoeptatjte activiiies 
for various types o f transport 
containers.
If nothing else Is stated, the 
reference date is identical with 
the date of manufacture.
Quality assurance 
System
The quality assurance system 
of nuctKoc GmbH was certi­
fied by Lteyd's Register Quality 
Assurance (LRQA) ac-cordsrjg 
to ISO 9001:2000 and acxsoed- 
Ing to 150 13465:2003 for 
medical devices, (sotiak prod­
ucts meet (he requirements of 
10CFR50 Appendix B.
NRC Advice
Radioactive Material - not for 
human use -  Introduction into 
foods, beverages, cosmetics, 
drugs, or med.'Ctnals, or into  
products manufactured for 
com rrero^ distribution is 
prohibited -  exempt quantities 
should not bo combined
©nuclitec
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D E U T SC H E R  KALIBRIERDIENST DKD
Kalibrierlaboratorium / Calibration laboratory 
Akkreditiert durch die /a c c re d / ïe d  by the 
Akkreditierungsstelle des Deutschen Kalibrierdienstes
nuclitoc GmbH 
Gieselweg i, 38110 Braunschweig. Germany 
Tel +49 5307 932-0, Fax +49 5307 932-194 
Source No. RP 739
Kalibrierschein 
Calibration certificate
C M 2  
DKD-K-06501
Kalibrierzeichen
Calibration m ark
021005
DKD-K-
06501
2009-02
Gegenstand
0£>/ecr
Hersteller
ManufactuTBr
T y p
Type.
Strahler-Nr.
SoufCê jiumber
Auftraggeber
C t/s tam er
Auftragsnummer
O rd e riw .
Geometry Reference Source 
nuclitec GmbH 
QCRB15348 
RP739 
High Technology Sources Ltd. 
GB 0X11 7HPDÎdcot 
127098
Anzahl der Seiten des Kalibrierscheines 
Number o f  pages o f the certiTtcate
Datum der Kalibrlerung
Date o f  caHbration
1 February 2009
D ieser Kalibrierschein dokumentiert die  
Rückführung auf nationale Normale zur 
Darsteliung der Einheiten in Ober- 
elnstimmung mit dem  Inlem alionalen  
[Einheitensystem (SI).
D er DKD ist Unterzeidm er der multi- 
lateralen Obereinkommen der European, 
co-operation for Accreditation (EA) und der 
International Laboratory Accfedilatron 
Cooperation (ILAC) zur gegen seitigen  
Anerkennung der Kalibriersciieine.
Fûr die Bnhaitung einer a n g em essen en  
Frist zur Wiederholung der Kalibrlerung ist 
der Benutzer verantvrortHch,
This calibration certificate documents the 
traceability to national standards, which 
realize the units of measurement according 
to the International System  of Units (SI).
The DKD is signatory to the multilateral 
agreements o f tho European co-operation 
for Accrecfr/af/on (5 4 )  and o f  the 
tnlemational Laboratory Accredffaf/orT 
Cooperation (ILAC) for ihe mutual 
recognition of calibration certificates.
The user is obliged to have the object 
recalibrated at appropriate intervals.
D ieser Kalibrierschein darf nur votlstSndig und unverhndert weiterverbreitet werden, AuszDge Oder Anderungen bedürfen  
der G enehm igung sow ohl der Akkreditierungsstelle d es DKD als auch d e s  aussteilenden Kalibrieriaboratoriums. 
Kalibrierscheine ohne Unterschrift und Stem pel haben keine Gültigkeit.
This ca/jbrafjon certificate may not be reproduced other than in full excep t iv/fh the penrj/ss/brr of both the Accreditation 
B ody o f  the DKD and the issuing laboratory. Calibration cerfrPcafcs without signature and seal are not valid.
Stem pel Datum
06501
20 February 2009
Leiter des Kalibrieriaboratoriums 
Head o f the calibraiion latroratory
Dr. Thiem e
Stellvertretsr
Deputy
^ctrotl
Bearbeiter 
Persarr m charge
Lehm acher /  SchohF /  
Schott /  Schiiter
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Seite
Page
0 2 1 0 0 5
DKD-K-
06501
2 0 0 9 -0 2
G eom etry  R eference S o u rce
S o u rce  no.
Drawing
V olum e
D ensity
C onstruction
R P 7 3 9  
V Z-3602-001  
approxim ately 5 5 0  ml 
approxim ately 1.6 g/cm*
T h e radionuclidic mixture is h om ogen eou sly  incorporated in the  
matrix o f  the source.
Nuclide G am m a-ray energy  
[MeVl
Activity
[Bqj
E m ission rate
[sM .............
Am ericium -241 0 .0 6 0 3 ,41  E 03 1 .23E 03
C adm ium -109 0 ,0 8 8 1 .50E 04 5.44E 02
C obalt-57 0 .1 2 2 5 .0 3 E 0 2 4 .30E 02
C erium -139 0 .166 6 .0 7 E 0 2 4 .85E 02
f4ercury-203 0 .279 8 .4 2 E 0 2 6 .66E 02
Tin-113 0 .3 9 2 1 .99E 03 1 .29E 03
Strontium-8S 0 .5 1 4 1 .95E 03 1 .92E 03
C aesium -137 0 .6 6 2 2 .6 8 E 0 3 2 .28E 03
Yttrium-88 0 .6 9 8 4 .1 5 E 0 3 3 ,90E 03
C obalt-60 1 ,173 3 .12E 03 3 .11E 03
C obalt-60 1 .333 3 .12E 03 3 .12E 03
Yttrium-88 1 ,836 4 .1 5 E 0 3 4 .1 2 E 0 3
R eferen ce  d a te
L e a k a g e  and  contam ination test  
W ip e te st  p a sse d  on  
M easuring m ethod
Traceability
Uncertainty
R adioactive impurities
Quality a ssu ra n ce  system
1 February 2 0 0 9  at 12:00 UTC 
W ipe te s t  according to ISO 9978 .
2 0  February 2 0 0 9
T h e activity w a s m easu red  with a  garnm a spectrom eter sy s te m  
consisting o f a  calibrated high purity germ anium  detector and a  multi­
ch an n el analyser.
Additional to the direct traceability to  th e  PTB through the DKD this 
product com plies with th e  requirem ents for traceability to NIST  
sp ecified  in the A m erican N ational Standard T raceab ility  o f  
R adioactive S o u rces to the NIST an d  A ssocia ted  Instrument Q uality  
Control {ANSI N 42.22-1995)". A s a  requirem ent o f the ANSI N 4 2 .2 2 -  
1 9 9 5  n u c lite c  Gm bH  participates in th e  NEI/NIST M easu rem en ts  
A ssu ran ce Pro-gram of the N uclear P ow er Industry.
T h e relative uncertain^ o f  the activity' is 3  % (C d-109; 5 %).
T he reported uncertainty, determ ined  according to the DKD-3 report 
is b a sed  on the standard uncertainty multiplied by a  co v era g e  factor  
o f  k =  2, providing a  level o f  co n fid en ce  o f  9 5  %. (Ref. NIST T echnical 
N ote 1297 /’'Guide to the E xpression  of Uncertainty in M easurem ent"  
ISO G uide, 1995)
At the time of calibration the following radioactive impurities w ere  
detected: C o-55<1 Bq; C o-58<1 Bq; Zn-65<1 Bq; A g-110m <1 Bq; 
C s-134< 7  Bq
T he quality a ssu ra n ce  sy stem  of n u c lite c  G m bH w a s certified by 
Lloyd’s  R egister Qualit>' A ssu ra n ce  (LRQA) according to ISO 9 0 0 1 , 
issu e  2 0 0 0 , Isotrak products m eet the requirem ents o f 10C F R 50  
A ppendix B in the USA.
GB, Issue 1. 200S-1t-17
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Explanations for Certificates (Page 2 of Certificates)
Uncertainty
Tï»e reported uncertainty is 
based on standard unttertalnty 
muitipiiad by a coverage factfx 
k »  2. prcvtdmg a  level o f  
confidence of approximately 
8 5 % . (IS O  Guide. 1995)
Traceability
This certificate documents the 
traceabiBty Of measuremertl 
results to national standards, 
standard measuring eqispmoRE 
and methods f<x the realisation 
o f physical units of measure- 
iTffint according to Hid Inter­
national ^ t e m  of Units (Sf). 
TraoeabOtly is defined as “the 
property of a  fdsull of a 
measurement v rfie re ^  il can 
be refated to appropriate stan­
dards, generally intemafianaJ 
or, national standards, inrotgh  
an  unbroken chain of compari­
sons'.
nuclitec G mbH has boon 
accrédites as DIO> (Deutscher 
Ka&brierdierrsf) calibration 
taboratosy by the Physikalisch- 
Technlsche Bundosanstalf 
(PTB) and Is authorized to 
Issue reference sources w hld i 
are traceabfo to national stan­
dards held at the PTB in Ger­
many,
Because of the European co­
opération for Accreditation (EA) 
mutual recognition agreement 
tho oertdloates are also ac­
cepted by an EA-members (e, 
g.U K A S ).
TWs product complies with the  
requirements for tracesbllify to 
N IS T  speciRed in  tho Am erican  
National Standard Traoeabillly  
of Radioactive Sources to the  
N IS T  and Associated Instru­
ment Quafity Control (A N S I 
N42.22-199S)-,
AS a r&®Jiremer« for the A N S I 
N 42.22-1995 nuclitec G m b H  
participates in the N E I/N IS T  
Measurements Assurance 
Program of the Nuclear Power 
Industry.
Leakage and contamination tests
Stringent tests for leakage are an essenliat feature of radioactive sotxces production. They arc based on ISO 9970. Some standard m eth­
ods used for testing radiation sources are  listed below.
Wipe test I
T h e  source is wiped wflh a  
swab or tissue, rootslonod with 
clhanoJ or water, the activity 
removed Is measured.
Umit: 20 0  Bq 
(Limit USA: 5 nCi)
Immersion test II
The source is immersed In a 
suitable liquid at SO *G for at 
least 4  hours and the activity 
removed is measured.
Umit: 20 0  Bq 
OJmit U Sfu 5 nCfl
Bubble test III
The source Is immersed In 
W:3(er or a suitable liquM and 
the pressure in the vessel 
reduced to 13 kPa (TOO rren 
Hg), No bubbles must be  
observed,
ISO classification
T h e  Inlernaftonaf Organtzatlon for Standardizalion (ISO) has proposed a  system of classification of seated radioactive sources based on  
safely requirements for typical uses (see IS O  2919  and ANSI N43.6-1997), This system provides a  manufacturer of sealed radioKdlve 
sources with a  set of tests to evaluate I f »  safely of his products, II also assists a  user of such sealed sources to select types v/hlch suit 
the afi^icatien he has in nu'nd. The tests to which specimen sources are subjected are listed tit Ihe following table.
Classification of sealed source performance standard according to ISO 291S and ANSI N43.S-1997
C lass
1 2 3 4 e « X
Temper* tun# NO test - 4 0 'C  (20 min) 
+ e O *C (1  h)
-  4 0 ‘ C  (20 min) 
+  160 "C (1 h)
- 4 0 'C (2 0 m ln )
+  40 O *C (1  h) 
and thermal shock 
4 0 0 'C  to 20  "C
- 4 0  * c  (20 min)
+ 6 O 0 *C (1  h) 
and thermal shodr 
60 0  *C  In 2 0  *C
- 4 0 * G  (20 min)
+  800 'C  (1 h) 
and thermal shock 
80 0  ’ C  to 20 "C Î1ExtpmalProssur» No lest 25  idPa absolute 2 5  kPa absolute to 2  M P a absolute 25 kPa atîsolute lo T M P a  absolute 25 kPa absolute to 70  M Pa abso­
lute
2 5  kPa absolute 
to 170 M Pa abso­
lute
impact No test 50 0  from 1 m 200 q from 1 m 2 kq from 1 m 5 ko from 1 m 2 0  ka from 1 m
Vlbrafion No test 3 x 1 0  min 
25  • 500 H z at 
5  g peak ampli­
tude
a X 10 min 
2 5 - 5 0  H z a tG g  
peak amplitude 
and SO -  90 Hz at 
0.G3S mm amp5- 
tude fiea k to  peak 
and 90  -  500  H z at 
10 g f>eak ampli­
tude
3 X 30 min 
25 -  SO H z at 
1.5 mm amplitude 
peak to peak and 
60 -  2000 Hz at 
20 g peek empli- 
trxfe
Puncture No test 1 o from 1 m 10 q from 1 m 50 q  Irom 1 m 300  q from 1 m 1 ko from 1 m
Special applications
No test programme can cover 
all possible comblnaiioos of 
environments to v*hich a 
source m ay be exposed.
Users shoukJ therefore consult 
our experts before using 
sources in (xstentially adverse 
environments.
IAEA Special Form
'Special Forni' Is a test spccîlî- 
calion for sealed sources given 
in the IAEA transport regula­
tions (IAEA TS -R -1). 
it is used in deterrriining Ihe 
maximum acceptable activHies 
for various types o f transport 
containers.
If nothing else Is stated, the 
reference date is identical with 
the dale of manufacture.
Quality assurance 
System
The quafrty assurance system 
of nuclitec G m bH w as certi­
fied by Lloyd’s Register Quality 
Assurance (LRQA) ac-cordmg 
to 130 9001:2000 and accoeo- 
ing to 13013465:2003 for 
medical devices. Isotrak prod­
ucts meet the requirements of 
10C FR50 Appendix B.
NRC Advice
Radioactive f^ateriel - not for 
human use -  Introduction into  
foods, beverages, cosmetics, 
drugs, or mediclrvgls, or into 
products manufactured for 
commercial distribution Is 
prohibited - exernpt quantities 
should nol bo combined
R E l Issue i . 2 0 u a -n - i  . ©nuclitec
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Appendix B
Detection limit and minimum detectable activity table
Radionuclide Energy
(keV)
Critical level (Lc) 
(counts)
Detection limit 
(Ld) (counts)
Minimum detectable 
activity (MDA) (Bq)
186.21 88+11 175+ 22 4.23 + 0.08
'''Pb 351.93 156+ 35 311+69 1.53+0.05
'''Pb 238.63 67.0 + 6.4 134+ 22 0.34 + 0.09
2 0 8 r j i j 2614.53 10.50 + 0.15 20.98+ 0.31 0.87 + 0.22
Annihilation 511 59.7 + 5.1 119+ 10 3.97 + 0.04
4 0 k 1460.83 19.54 + 0.54 39.02+ 1.1 2.98 + 0.02
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Appendix C
Legend descriptions of the geology map
GEOLOGY OF QATAR
Geology based on tbe field work by Selburst Engineering Limited, 1978, and 
photogeological Interpretation of 1:36,000 scale arlel photographs (1977) 
by Hunting Geology and Geophysics Limited.
CODE DESCRIPTION
Qmcs Calcareous sand of marine
origin Including coastal 
dunes ; locally cemented 
Qsb Saline and gypslferous
sand and silt flats 
QsbEc ” " (Evaporlte Crust)
Qsm Silty alluvium of shallow
wadis and depressions,- 
rodah soil 
QUATERNARY
Q9
Qes
Q 1
MPhf
Md2
Mdl
Edm2AM
TERTIARY
Edm2SM
Edml
Er
ErGy
Continental gravel largely 
derived from the Hofuf 
Formation
Dominantly siliceous sand 
forming dunes and sand 
sheets
Porous pseudo-oolitic sand­
stone locally conglometrlc; 
associated beach rock 
Continental gravel, sand & 
conglome rat e
Limestone, chalk and clay 
with gypsum and celestlte 
beds
Limestone and clay
Dolomite and limestone 
(Abarug Member)
Dolomite and limestone 
(Slmslma Member)
Shale, limestone and dolomite, 
Including Mldra Shale and 
DuJdian Alveollna Limestone 
Members
Limestone and dolomite 
" " (Gypsum)
Beach Deposits
Sab>dia
Fine - grained 
alluvium
Holocene and 
Pllestocene
Coarse-grained
alluvium
Aeolian sand
Calcareous
sandstone Pllestocer
Hofuf Miocene/
Formation Pliocene
Upper Dam \ Lower and
Formation 1 Middle
Lower Dam Miocene
Formation /
Upper Dammam \
Formation 1 Middle
Upper Dammam 1 Eocene
Formation /
\
Lower Dammam 1
Formation 1 Lower
1 Eocene
Rus Formation 1
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Appendix D
Sampling table
Location (Area 
name)
Depth (cm) Sampling Date RemarksSample ID Grids (GNG) Sampler
name
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Appendix E
1. Effect of the Grain size of the soil on the activity
Note: Ra-226/U-235 and Ra-226 in all the figures in this appendix refer to ^^ R^a(u-23S) and "^°Ra(Pb-2i4) 
respectively.
226 t
Sample no. X I 74, m esh<500um
30 - Ra-223
K-40
Weighted m ean of U-235 and Ra- 
223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
BI-214
Ac-228
Pb-212
TI-208
U-235
3 0 0 0  Energy (keV)20001000 1500 2500500
201
Sample no. X174, 1mm>mesh>500um
25 K-40
Weighted mean of U-235 and Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and Ti-208
1-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
U-235
3000 Energy (keV)500 1000 1500 2000 2500
Sample no. X174, 2mm>mesh>1mm
25 K-40
Weighted mean of Ra-226, Pb-214 and 
Bi-214
Weighted mean of Ac-228, Pb-212 and 
Ti-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
U-235
3000 Energy (keV)2000500 1000 1500 2500
2 0 2
Sample no. 175, mesh<500 um
Weighted mean of U-235 and Ra- 
223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
U-235
3000 Energy (keV)1500 2000 2500500 1000
20
15
10
5
0
500 1000 1500 2000
Sample no. 175, 1m m >messh>500um
Weighted mean of Ra-226, Pb-214 and 
Bi-214
Weighted mean of Ac-228, Pb-212 and 
TI-208
■  Ra-226/U-235
2500 3000 Energy (keV)
2 0 3
Sample no. 175,2m m > mesh>1mm
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Weighted mean of U-235
Pb-21410  -
Bi-214
Ra-226/U-235
Ac-228
Pb-212
U-235
3000 Energy (keV)1500 2000 2500500 1000
Sample no. X-214, m esh<500um
Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
Cs-137
3000 Energy (keV)2000 25001500500 1000
204
Sample no. X-214,1m m >m esh>500um
Ra-223
Weighted mean of Ra-226, Pb-214 and 
Bi-214
Weighted mean of Ac-228, Pb-212 and Ti- 
208
Ra-226
Pb-214
.5  20
ii-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
3000 Energy (keV)500 1000 1500 2000 2500
Sample no. X214, 2mm>mesh >1mm
Ra-223
Weighted mean of Ra-226, Pb-214 and 
Bi-214
25 -
Weighted mean of Ac-228, Pb-212 and 
Ti-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
Cs-137
3000  Energy (keV)2000500 1000 1500 2500
2 0 5
2. Surface and sub-surface samples
40
30
25
I
.1  20 '  
I :
I 15
I.:
Sample no. 26
Weighted mean of U-235 and Ra- 
223
Weighted mean of Ra-226Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
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Sample no. 308
W eighted  m ean  of Ra-226, Pb-214 
an d  Bi-214
W eighted  m ean  of A c-228, P b-212 
an d  TI-208
■  R a-226/U -235
A C s-137
500 1000 1500 2000 2500 3000 Energy (keV)
40 7
Sample no.310
Ra-223
W eighted  m ean  of R a-226, Pb-214 
an d  Bi-214
30 -
W eighted m ean  of Ac-228, Pb-212 
and  TI-208
R a-226
25 -
Pb-214
.9 20 -
Bi-214
R a-226/U -235
Ac-228
Pb-212
TI-208
C s-137
3000 Energy (keV)2000500 1000 1500 2500
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Sample no. 312
R a-223
W eighted  m ean  of R a-226, Pb-214 
an d  BI-214
W eighted  m ean  of Ac-228, Pb-212 
an d  TI-20825 -
R a-226
Pb-21420 -
Bi-214
15 -
R a-226/U -235
Ac-228
Pb-212
TI-208
C s-137
3000 Energy (keV)1500 2000 2500500 1000
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Sample no. 314
Ra-223
W eighted  m ea n  of R a-226, Pb-214 
an d  Bi-21420
W eighted  m ea n  of Ac-228, Pb-212 
an d  Ti-208
Ra-226
15
Pb-214
BI-214
10 Ra-226/U -235
Ac-228
Pb-212
5
Ti-208
C s-137
0
3000 Energy (keV)2000 25001000 1500500
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Sample no. 316
Ra-223
W eighted  m ean  of Ra-226, Pb-214 
an d  Bi-214
W eighted  m ean  of Ac-228, Pb-212 
an d  Ti-208
Ra-226
9  15
Pb-214
Bi-214
c  10 R a-226/U -235
Ac-228
Pb-212
TI-208
C s-137
3000 Energy (keV)2000500 1000 1500 2500
5
I ■
Ô  
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Sample no. 318
W eighted m ean  of Ra-226, Pb-214 
an d  Bi-214
W eighted m ean  of A c-228, Pb -212 
and  Ti-208
Ra-226/U -235
500 1000 1500 2000 2500 3000 Energy (keV)
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Sample no. 320
W eighted  m ean  of R a-226, Pb-214 
an d  Bi-214
W eighted  m ean  of Ac-228, Pb-212 
an d  TI-208
500 1000 1500 2000 2500 3000 Energy (keV)
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Sample no. 346
W eighted  m ea n  of U-235 and  Ra- 
223
W eighted  m ea n  of R a-226, Pb-214 
an d  Bi-214
W eighted  m ean  of Ac-228, P b-212 
an d  Ti-208
K R a-226
■  Ra-226/U -235
500 1000 1500 2000 2500 3000 Energy (keV)
248
30
Sample no. 348
W eighted  m ean  of R a-226, Pb-214 
and  BI-214
25 W eighted  m ean of Ac-228, Pb-212 
and  TI-208
R a-226
20
P b-214
BI-214
R a-226/U -235
Ac-22810
P b-212
5 TI-208
C s-137
0
3000 Energy (keV)2000500 1000 1500 25000
Sample no. 350
W eighted  m ean  of R a-226, P b-214 
an d  BI-214
W eighted  m ean  of A c-228, Pb -212 
an d  TI-208
Ra-226
20
P b-214
BI-214
Ac-228
Pb-212
TI-208
3000 Energy (keV)20001500 2500500 1000
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Sample no. 352
R a-223
W eighted m ean  of Ra-226, Pb-214 
an d  BI-214
W eighted m ean  of A c-228, Pb-212 
an d  TI-20825 -
R a-226
Pb-214
BI-214
m 15 -
R a-226/U -235
Ac-228
o 10
Pb-212
TI-208
C s-137
3 0 0 0  Energy (keV)2000500 1000 1500 2500
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Sample no. 354
R a-223
W eighted m ean  of R a-226, P b-214 
an d  BI-214
W eighted m ean  of A c-228, Pb-212 
an d  TI-208
R a-226
Pb-214
.9 20
BI-214
Ra-226/U -235
Ac-228
Pb-212
TI-208
3000 Energy (keV)20001500 2500500 1000
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Sample no. 356
R a-223
W eighted  m ea n  of Ra-226, Pb-214 
an d  BI-214
W eighted  m ean  of Ac-228, Pb-212 
an d  TI-20825 -
R a-226
P b-21420
Bi-214
15 -
Ra-226/U -235
Ac-228
10 -
P b-212
TI-208
C s-137
3000 Energy (keV)1500 2000 2500500 1000
a
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Sample no.358
W eighted m ean  of Ra-226, Pti-214 
an d  Bi-214
W eighted  m ea n  of Ac-228, Pb-212 
an d  TI-208
20
R a-226
15 Pb-214
ii-214
R a-226/U -235
Ao-228
5
Pb-212
TI-208
0
3000 Energy (keV)2000 25001500500 1000
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Sample no. 360
W eighted  m ean  of R a-226, Pb-214 
an d  Bi-214
W eighted  m ea n  of A c-228, Pb-212 
a n d  TI-208
500 1000 1500 2000 2500 3000 Energy (keV)
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Sample no. 362
W eighted m ean  of Ra-226, Pb-214 
an d  Bi-214
W eighted m ean  of Ac-228, Pb-212 
and  TI-208
*  R a-226
B  R a-226/U -235
500 1000 1500 2000 2500 3000 Energy (keV)
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Sample no. 388
R a-223
W eighted m ean  of U-235 an d  Ra- 
223
W eighted m ean  of R a-226, Pb-214 
an d  Bi-214
W eighted m ean  of Ac-228, Pl>212 
an d  Ti-208
Ra-226
^  10
Pb-214
Bi-214
R a-226/U -235
Ac-228
Pb-212
Ti-208
U-235
C s-137
3000 Energy (keV)1000 1500 2000 2500500
Sample no. 390
R a-223
45
W eighted  m ean  of U-235 an d  Ra- 
223
40
W eighted  m ean  of R a-226, P b-214 
an d  Bi-214
W eighted  m ean  of Ac-228, P b-212 
an d  Ti-208
R a-226
Pb-214
Bi-214
R a-226/U -235
Ac-228
Pb-212
Ti-208
U-235
C s-137
3000 Energy (keV)2000500 1500 25001000
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Sample no. 392
R a-223
W eighted  m ean  of R a-226, Pb-214 
an d  Bi-214
W eighted  m ean  of Ac-228, Pb-212 
an d  Ti-208
R a-226
25 -
P b-214
Bi-214
R a-226/U -235
R  15
A c-228
P b-212
Ti-208
C s-137
3000 Energy (keV)1500 2000 2500500 1000
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Sample no. 394
W eighted m ean  of Ra-226, P b-214 
and  Bi-214
W eighted  m ean  of Ac-228, Pb-212 
and  Ti-208
R a-226/U -235
© Ac-228
500 1000 1500 2000 2500 3000 Energy (keV)
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Sample no. 396
W eighted  m ea n  of R a-226, Pb-214 
an d  BI-214
W eighted  m ea n  of Ac-228, Pb-212 
an d  TI-208
M R a-226/U -235
500 1000 1500 2000 2500 3000 Energy (keV)
25
c t 20 -
I
I
O
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500 1000 1500 2000 2500
Sample no. 398
W eighted m ean  of R a-226, Pb-214 
and  BI-214
W eighted m ean  of A c-228, P b-212 
and  TI-208
m R a-226/U -235
3000 Energy (keV)
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Sample no. 400
25 R a-223
W eighted m ean  of Ra-226, Pb-214 
an d  BI-214
W eighted m ean  of A c-228, Pb -212 
an d  Ti-208
20
R a-226
P b-214
m 15
Bi-214
Ra-226/U -235
O  10
Ac-228
Pb-212
TI-208
U-235
3000 Energy (keV)2000 2500500 1000 1500
Sample no. 402
W eighted  m ea n  of R a-226, P b-214 
and  Bi-214
W eighted m ean  of Ac-228, P b-212 
and  TI-208
R a-226
Pb-214
Bi-214
.9 20 -
R a-226/U -235
Ac-228
Pb-212
TI-208
C s-137
3000 Energy (keV)2 0 0 0 25001000 1500500
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Sample no. 404
R a-223
35
W eighted  m ean  of U-235 an d  Ra- 
223
W eighted  m ean  of R a-226, Pb-214 
an d  Bi-214
W eighted  m ea n  of A c-228, Pb-212 
an d  Ti-208
R a-22625 -
Pb-214
.9 20 Bi-214
Ra-226/U -235
Ac-228
Pb-212
10 -
Ti-208
U-235
C s-137
3000 Energy (keV)500 1000 1500 2000 2500
Sample no. X430
R a-223
25
W eighted  m ean  of U-235 an d  Ra- 
223
W eighted  m ea n  of Ra-226, Pb-214 
an d  Bi-214
20 - W eighted  m ea n  of Ac-228, Pb-212 
an d  TI-208
R a-226
P b-214
Bi-214
Ra-226/U -235
^  10
Ac-228
P b-212
TI-208
U-235
C s-137
3000 Energy (keV)500 1000 1500 2000 2500
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Sample no. 432
R a-223
W eighted  m ean of R a-226, Pb-214 
an d  BI-214
W eighted  m ean of Ac-228, Pb-212 
an d  TI-208
R a-226
Pb-214
BI-214
R a-226/U -235
Ü  10
Ac-228
Pb-212
TI-208
C s-137
3000 Energy (keV)1000 1500 2000 2500500
Sample no. 434
Ra-223
35 -
W eighted  m ea n  of R a-226, P b-214 
an d  BI-214
W eighted  m ean  of Ac-228, Pb-212 
an d  TI-208
Ra-226
P b-214
BI-214
.2 20
R a-226/U -235
Ac-228
P b-212
TI-208
U-235
C s-137
3 0 0 0  Energy (keV)2000 25001000 1500500
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Sample no. 436
W eighted  m ean  of R a-226, P b-214 
an d  BI-214
W eighted m ean  of A c-228, P b-212 
an d  TI-208
R a-226
Pb-214
^  20 -
BI-214
Ac-228
Pb-212
TI-208
C s-137
3000 Energy (keV)2000 2500500 1000 1500
35
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Sample no. 438
W eighted  m ea n  of R a-226, Pb-214 
an d  BI-214
W eighted m ean  of Ac-228, P b-212 
an d  TI-208
R a-226/U -235
A C s-137
500 1000 1500 2000 2500 3000 Energy (keV)
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Sample no. 440
R a-223
K-40
W eighted  m ea n  of R a-226, Pb-214 
an d  BI-214
W eighted  m ea n  of Ac-228, Pb-212 
an d  TI-208
R a-226
Pb-214
.9 20
01-214
R a-226/U -235
Ac-228
10 -
Pb-212
TI-208
C s-137
3000 Energy (keV)2000 25001000 1500500
Sample no. 442
R a-223
35 -
W eighted m ean  of R a-226, P b-214 
and  BI-214
W eighted  m ean  of A c-228, P b-212 
and  TI-208
R a-226
Pb-214
.2 20
BI-214
R a-226/U -235
Ac-228
Pb-212
TI-208
3000 Energy (keV)2000 25001000 1500500
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Sample no. 444
R a-223
W eighted  m ea n  of Ra-226, Pb-214 
an d  BI-214
W eighted m ea n  of A c-228, Pb-212 
an d  TI-208
Ra-226
25
P b-214
BI-214
.9 20 -
Ra-226/U -235
Ac-228
Pb-212
TI-208
U-235
C s-137
3000 Energy (keV)2000 25001000 1500500
Sample no. 446
30 - R a-223
W eighted  m ea n  of R a-226, P b-214 
a n d  BI-214
W eighted  m ean  of A c-228, Pb-212 
an d  TI-208
R a-226
20 -
Pb-214
BI-214
R a-226/U -235
A c-228
Pb-212
TI-208
C s-137
3000 Energy (keV)2000 25001500500 1000
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Sample no. X472
W eighted  m ea n  of Ra-226, Pb-214 
an d  BI-214
W eighted  m ea n  of A c-228, Pb-212 
an d  TI-208
Ra-226/U -235
500 1000 1500 2000 2500 3000 Energy (keV)
Sample no. 474
Ra-223
30 W eighted  m ea n  of R a-226, Pb-214 
an d  BI-214
W eighted  m ean  of A c-228, Pb-212 
an d  TI-208
R a-226
P b-214
BI-214
Ra-226/U -235
Ac-228
P b-212
TI-208
U-235
C s-137
3000 Energy (keV)2000 2500500 1000 1500
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Sam ple no. 476
Weighted m ean of Ra-226, Pb-214 
and BI-214
Weighted mean of Ac-228, Pt>212 
and TI-208
Ra-226
Pb-21420
BI-214
Ac-228
Pb-212
TI-208
3 0 0 0  Energy (keV)1500 2000 2500500 1000
35
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Sam ple no. 478
Weighted m ean of Ra-226, Pb-214 
and BI-214
Weighted m ean of Ac-228, Pb-212 
and TI-208
M Ra-226
® Ac-228
500 1000 1500 2000  2500 3000 Energy (keV)
2 6 3
Sam ple no. 480
♦  Ra-223
30 -
Weighted m ean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
m Ra-226
X Pb-214
m BI-214
■ Ra-226/U-235
Ac-228o 10
e  Pb-212
•  TI-208
A Cs-137
3000 Energy (keV)1500 2000 2500500 1000
Sam ple no. 482
♦  Ra-223
Weighted mean of Ra-226, Pb-214 
and BI-214
Weighted mean of Ac-228, Pb-212 
and TI-208
X Ra-226
K Pb-214
m 50
X BI-214
c  40
X Ra-226/U-235
® Ac-228
•  Pb-212
•  TI-208
♦  U-235
3000  Energy (keV)1500 2000 25001000500
2 6 4
Sam ple no. 484
Ra-223
Weighted mean of Ra-226, Pb-214 
and BI-21420 -
Weighted m ean of Ac-228, Pb-212 
and TI-208
Ra-226
ra 15
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
Cs-137
3000 Energy (keV)1500 2000 2500500 1000
Sam ple no. 486
Ra-223
25
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-20820
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
Cs-137
3000  Energy (keV)20001500 2500500 1000
2 6 5
Sam ple no. 488
Ra-223
Weighted mean of Ra-226, Pb-214 
and BI-214
Weighted mean of Ac-228, Pb-212 
and TI-20825
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228Ô 10
Pb-212
TI-208
Cs-137
3 0 0 0  Energy (keV)1500 2000 2500500 1000
Sam ple no. 508
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and Ti-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
U-235
3000 Energy (keV)1500 2000 2500500 1000
2 6 6
Sam ple no. 510
Ra-223
Weighted mean of Ra-226, Pb-214 
and BI-214
Weighted mean of Ac-228, Pb-212 
and Ti-208
Ra-226
Pb-214
Bi-214
c 20
Ra-226/U-235
Ac-228
Pb-212
Ti-208
Cs-137
3000  Energy (keV)500 1500 20001000 2500
40
Sam ple no. 512
Ra-223
35 -
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
25 -
Pb-214
.2  20  - Bi-214
Ra-226/U-235
15 -
Ac-228
Pb-212
Ti-208
Cs-137
3000 Energy (keV)1500 2000500 1000 2500
2 6 7
40
Sam ple no. 514
Ra-223
Weighted mean of U-235 and Ra- 
223
Weighted mean of Ra-226, Pb-214 
and Bi-21430
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
.2 20 Bi-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
U-235
Cs-137
3000  Energy (keV)500 1000 1500 2000 2500
Sam ple no. 516
Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and Ti-208
20 - Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
Cs-137
3000  Energy (keV)500 1500 2000 25001000
2 6 8
Sam ple no. 518
Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
20 - Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
U-235
Cs-137
3000 Energy (keV)2000 25001500500 1000
Sam ple no. 520
30 Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
25
Weighted m ean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
10 - Ac-228
Pb-212
TI-208
Cs-137
3000 Energy (keV)2000 25001500500 1000
2 6 9
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Sam ple no. 542
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
■ Ra-226/U-235
500 1000 1500 2000 2500 3000 Energy (keV)
25
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Sam ple no. 544
Weighted m ean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and TI-208
M Ra-226/U-235
500 1000 1500 2000 2500 3000 Energy (keV)
2 7 0
Sam ple no. 546
Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
30
ii-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
3000 Energy (keV)20001000 1500 2500500
Sam ple no. 548
Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-21430
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
BI-214
ë 15 Ra-226/U-235
Ac-228
< 10
Pb-212
TI-208
Cs-137
3000  Energy (keV)20001500 2500500 1000
2 7 1
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45 -
O' 40 - 
I  35 -
I§30
oO 25 - 
> 20
15 -
10 -
Sample no. 550
Weighted mean of U-235 and Ra- 
223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pt>-212 
and TI-208
♦  U-235
500 1000 1500 2000  2500 3000 Energy (keV)
40
Sam ple no. 552
Ra-223
35
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
.2 20
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
3000 Energy (keV)2 0 0 0 2500500 1000 1500
2 7 2
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Sample no. 554
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and TI-208
500 1000 1500 2000 2500 3000 Energy (keV)
45
Sam ple no. X574
Ra-223
40
Weighted mean of U-235 and Ra- 
223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-20830
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
10 “
Pb-212
TI-208
U-235
3000 Energy (keV)500 1000 1500 2000 2500
2 7 3
Sam ple no. 576
Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
3000  Energy (keV)1500 2000 2500500 1000
Sam ple no. 578
Weighted m ean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
20
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
Cs-137
3000  Energy (keV)1500 2000 2500500 1000
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Sam ple no. 580
Ra-223
Weighted m ean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and TI-208
10 Ra-226
Pb-214
Bi-214
Ra-226/U-235
5
Ac-228
Pb-212
TI-208
U-235
0
500 1000 1500 2000  2500 3000  Energy (keV)
m
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25
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Sam ple no. 582
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
H Ra-226/U-235
▲ Cs-137
3000 Energy (keV)
2 7 5
<15
Sam ple no. 584
14 Ra-223
13
Weighted mean of Ra-226, Pb-214 
and Bi-21412
11 Weighted mean of Ac-228, Pb-212 
and TI-208
10
Ra-226
Pb-2148
7
Bi-214
6
Ra-226/U-2355
Ac-228
3
Pb-2122
1 TI-208
0
3000 Energy (keV)2000 25001000 15005000
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Sam ple no. 606
Weighted m ean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
3000 Energy (keV)2000 25001500500 1000
2 7 6
Sam ple no. 608
Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and Ti-208
Ra-226
9  15
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
3000  Energy (keV)500 1000 1500 2000 2500
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Sam ple no. 610
♦ Ra-223
Weighted mean of 
and Bi-214
Ra-226, Pb-214
Weighted mean of 
and Ti-208
Ac-228, Pb-212
K Ra-226
X Pb-214
X Bi-214
X Ra-226/U-235
o Ac-228
• Pb-212
• Ti-208
▲ Cs-137
500 1000 1500 2000  2500 3000 Energy (keV)
2 7 7
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Sample no. 612
Weighted m ean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and TI-208
■ Ra-226/U-235
500 1000 1500 2000 2500  3000 Energy (keV)
4. NW Dukhan
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Sam ple no. 1-X228
Weighted m ean of Ra-226, Pb-214 
and Bi-214
Weighted m ean of Ac-228, Pb-212 
and Ti-208
■  Ra-226/U-235
500 1000 1500 2000  2500 3000  Energy (keV)
2 7 8
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Sam ple no. 2-X-228
Weighted mean of Ra-226, Pb-214 and 
Bi-214
Weighted mean of Ac-228, Pb-212 and 
TI-208
m Ra-226/U-235
500 1000 1500 2000 2500 3000 Energy (keV)
Sam ple no. 3-X-228
Weighted mean of Ra-226, Pb-214 and 
Bi-214
Weighted mean of Ac-228, Pb-212 and 
TI-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
Cs-137
2000 3000 Energy (keV)25001000 1500500
2 7 9
Sample no. 4-X-228
♦  Ra-223
■ K-40
Weighted mean of U-235 and Ra- 
223
Weighted mean of Ra-226, Pb-214 
and BI-214
Weighted mean of Ac-228, Pb-212 
and TI-208
«  Ra-226
X Pb-214
X Bi-214
■ Ra-226/U-235
Ac-228
•  Pb-212
TI-208
♦  U-235
▲ Cs-137
1000 1500 2000 3000  Energy (keV)
Sam ple no. 5-X-228
Ra-223
35
Weighted mean of Ra-226, Pb-214 
and BI-214
30 - Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
.2 20 BI-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
Cs-137
3 0 0 0  Energy (keV)1500 2000 2500500 1000
2 8 0
50
Sam ple no. 6-X-228
Ra-223
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
25 Bi-214
Ra-226/U-235
Ac-228
Pb-212
TI-208
Cs-137
3000  Energy (keV)25001500 20001000500
Sam ple no. 7-X-228
Ra-223
35 -
Weighted mean of Ra-226, Pb-214 
and Bi-214
Weighted mean of Ac-228, Pb-212 
and Ti-208
Ra-226
Pb-214
Bi-214
Ra-226/U-235
Ac-228
Pb-212
Ti-208
Cs-137
3000  Energy (keV)2000 25001000 1500500
2 8 1
40
Sam ple no. 8-X-228
Weighted mean of Ra-226, Pb-214 
and BI-214
Weighted mean of Ac-228, Pb-212 
and TI-208
Ra-226
Pb-214
BI-214
.9  20
Ra-226/U-235
Ac-228
Pb-212
TI-208
Cs-137
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Appendix F
A Table illustrating the expected and previously reported main 
doublet lines in NORM measurements
# Gamma-ray energy Mother
Radionuclide
Emiss. Prob.
%
Half-life
1 269.45 “ "Ra 13.7 11.43 d
270.24 3.46 6.15 h
271.23 10.8 3.96 s
2 240.87 0.075 7.038 xlOV
240.98 ™Ra 4.10 3.66 d
241.99 Z14pb 7.12 26.8 m
3 794.94 4.25 6.15 h
795.86 85.53 2.0648 y
4 964.08 '"Bi 0362 19.9 m
964.76 '"'Ac 4.99 6.15 h
5 510.77 2U8rjiJ 8.13 3.05 m
511 '"Rn 0.076 3.82 d
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# Sample no. D (nGy/h] Stat S\Et Ra^ p (Bq&g) set Svst SH Sist AEDE (pSv/year) sta S\Et
1 10 2.97 ± 0.5 0.4 6.44 ± 1.0 0.8 0.018 ± 0.003 0.002 3.64 ± 0.6 0.5
2 12 27.96 ± 1.6 3.5 56.48 ± 3.2 7.1 0.157 ± 0.009 0.020 34.29 ± 2.0 4.3
3 X14 15.97 ± 2.2 5.0 34.31 ± 4.8 10.8 0.094 ± 0.013 0.030 19.59 ± 2.7 6.2
4 26 19.87 ± 1.2 2.9 40.86 ± 2.5 5.9 0.113 ± 0.007 0.016 24.37 ± 1.5 3.5
5 28 33.25 ± 1.9 3.6 66.73 ± 3.7 7.1 0.186 ± 0.010 0.020 40.78 ± 23 4.4
6 30 26.38 ± 1.6 3.3 52.97 ± 3.1 6.7 0.147 ± 0.009 0.019 32.35 ± 1.9 4.1
7 32 21.91 ± 1.3 2.8 45.91 ± 2.8 5.8 0.127 ± 0.008 0.016 26.87 ± 1.6 3.4
8 X50 26.04 ± 1.7 3.1 52.66 ± 3.4 6.2 0.147 ± 0.009 0.017 31.93 ± 2.1 3.8
9 52 17.89 ± 1.1 2.3 35.67 ± 2.2 4.5 0.100 ± 0.006 0.013 21.94 ± 1.4 2.8
10 54 23.73 ± 1.4 3.0 47.95 ± 2.9 6.0 0.133 ± 0.008 0.017 29.10 ± 1.7 3.7
11 56 21.31 ± 1.3 2.7 42.89 ± 26 5.4 0.119 ± 0.007 0.015 26.13 ± 1.6 3.3
12 58 29.40 ± 1.7 3.7 59.30 ± 3.4 7.5 0.165 ± 0.010 0.021 36.05 ± 2.1 4.5
13 60 2.05 ± 0.3 0.3 4.44 ± 0.7 0.6 0.012 ± 0.002 0.002 2.52 ± 0.4 0.3 .
14 X62 10.79 ± 1.0 1.4 23.55 ± 22 3.0 0.065 ± 0.006 0.008 13.24 ± 1.3 1.7
15 84 19.32 ± 1.2 2.4 39.21 ± 24 4.9 0.109 ± 0.007 0.014 23.69 ± 1.4 3.0
16 86 14.45 ± 1.0 1.8 29.33 ± 2.0 3.7 0.082 ± 0.005 0.010 17.72 ± 1.2 2.2
17 88 32.73 ± 1.8 3.6 65.50 ± 3.6 7.2 0.183 ± 0.010 0.020 40.14 ± 22 4.4
18 90 17.70 ± 1.0 2.2 36.18 ± 2.1 4.6 0.100 ± 0.006 0.013 21.71 ± 1.2 2.7
19 92 21.43 ± 1.3 2.7 43.34 ± 2.6 5.5 0.121 ± 0.007 0.015 26.28 ± 1.6 3.3
20 94 11.43 ± 0.8 1.4 24.02 ± 1.7 3.0 0.066 ± 0.005 0.008 14.02 ± 1.0 1.8
21 96 24.56 ± 1.5 3.1 49.68 ± 3.0 6.3 0.138 ± 0.008 0.017 30.13 ± 1.8 3.8
22 X I00 5.87 ± 0.5 0.7 12.21 ± 1.1 1.5 0.034 ± 0.003 0.004 7.19 ± 0.6 0.9
23 X120 8.26 ±0.7 1.0 17.71 ± 1.6 2.2 0.049 ± 0.004 0.006 10.13 ± 0.9 1.3
24 122 13.91 ± 0.9 1.8 27.84 ± 1.9 3.5 0.078 ± 0.005 0.010 17.06 ± 1.1 2.1
25 124 14.84 ± 1.0 1.9 29.62 ± 2.0 3.7 0.083 ± 0.005 0.010 18.20 ± 1.2 2.3
26 126 22.32 ± 1.3 2.8 44.79 ± 2.6 5.6 0.125 ± 0.007 0.016 27.37 ± 1.6 3.4
27 128 14.00 ± 0.9 1.5 28.54 ± 1.9 3.1 0.079 ± 0.005 0.009 17.18 ± 1.1 1.9
28 130 19.46 ± 1.1 2.1 39.29 ± 2.1 4.3 0.109 ± 0.006 0.012 23.86 ± 1.3 2.6
29 132 5.30 ± 0.5 0.6 10.58 ± 1.0 1.2 0.030 ± 0.003 0.003 6.50 ± 0.6 0.7
30 X I56 9.18 ±0.8 1.2 19.43 ± 1.6 2.4 0.054 ± 0.004 0.007 11.26 ± 0.9 1.4
31 158 22.94 ± 1.4 2.5 47.15 ± 2.8 5.2 0.131 ± 0.008 0.014 28.14 ± 1.7 3.1
32 160 18.86 ± 1.2 2.1 38.22 ± 2.4 4.2 0.106 ± 0.007 0.012 23.13 ± 1.5 2.5
33 162 24.87 ± 1.4 3.1 49.86 ± 2.8 6.3 0.139 ± 0.008 0.018 30.50 ± 1.7 3.8
34 164 16.96 ± 1.1 2.1 34.49 ± 2.2 4.3 0.096 ± 0.006 0.012 20.80 ± 1.3 2.6
35 166 24.80 ± 1.4 3.1 50.49 ± 2.9 6.4 0.140 ± 0.008 0.018 30.41 ± 1.7 3.8
36 168 17.72 ± 1.1 2.2 36.48 ± 2.3 4.6 0.101 ± 0.006 0.013 21.74 ± 1.4 2.7
37 169 6.00 ± 0.6 0.8 1Z44± 1.2 1.6 0.034 ± 0.003 0.004 7.36 ± 0.7 0.9
38 X I94 10.20 ± 0.8 1.3 20.40 ± 1.7 2.6 0.057 ± 0.005 0.007 12.51 ± 1.0 1.6
39 X I96 13.16 ± 0.9 1.7 26.81 ± 1.8 3.4 0.074 ± 0.005 0.009 16.14 ± 1.1 2.0
40 198 19.79 ± 1.1 1.9 39.85 ± 23 3.8 0.111 ± 0.006 0.010 24.27 ± 1.4 2.3
41 200 21.83 ± 1.2 2.4 43.80 ± 25 4.8 0.122 ± 0.007 0.013 26.78 ± 1.5 3.0
42 202 18.77 ± 1.1 2.4 37.86 ± 2.3 4.8 0.105 ± 0.006 0.013 23.02 ± 1.4 2.9
43 204 15.43 ± 1.0 1.9 31.54 ± 2.0 4.0 0.088 ± 0.006 0.011 18.92 ± 1.2 2.4
44 206 20.75 ± 1.2 2.6 42.15 ± 25 5.3 0.117 ± 0.007 0.015 25.45 ± 1.5 3.2
45 X208 15.05 ± 1.0 1.2 31.17 ± 2.0 2.5 0.086 ± 0.005 0.007 18.46 ± 1.2 1.5
46 X228 92.82 ±6.7 10.2 213.90 ± 15.5 23.6 0.580 ± 0.042 0.064 113.84 ± 8.2 12.5
47 230 16.71 ± 1.1 2.1 33.64 ± 2.2 4.2 0.094 ± 0.006 0.012 20.49 ± 1.3 2.6
48 232 23.75 ±2.5 3.0 47.59 ± 4.9 6.0 0.133 ± 0.014 0.017 29.13 ± 3.0 3.7
49 234 18.79 ± 1.9 2.4 37.50 ± 3.8 4.7 0.105 ± 0.011 0.013 23.05 ± 2.4 2.9
50 236 22.88 ± 1.3 2.9 46.21 ± 2.7 5.8 0.129 ± 0.008 0.016 28.06 ± 1.7 3.5
51 238 23.63 ± 1.4 3.0 46.83 ± 2.8 5.9 0.131 ± 0.008 0.016 28.97 ± 1.7 3.6
52 240 13.24 ± 0.9 1.5 27.17 ± 1.9 3.0 0.075 ± 0.005 0.008 16.23 ± 1.1 1.8
53 242 16.24 ± 1.0 1.0 33.45 ± 2.0 2.1 0.093 ± 0.006 0.006 19.92 ± 1.2 1.3
54 266 34.60 ± 2.8 4.4 76.95 ± 6.2 9.7 0.210 ± 0.017 0.026 42.43 ± 3.4 5.3
55 268 7.52 ± 0.7 0.7 15.74 ± 1.5 1.5 0.044 ± 0.004 0.004 9.22 ± 0.9 0.9
309
# Sample no. D (nGy/h] Stitiaics'S\s£in3tc Rae, (Bq/kg) SisimsSs Bgt Slsfefissl S\ainaês AEDE (pSv/year) Stsfiatel S>Etirrstb
56 270 20.74 ± 1.2 2.3 42.69 ± 2.5 4.7 0.118 ± 0.007 0.013 25.44 ± 1.5 2.8
57 272 12.28 ±0 .8 1.5 25.24 ± 1.6 3.2 0.070 ± 0.004 0.009 15.07 ± 0.9 1.9
58 274 9.85 ±0 .7 1.2 19.90 ± 1.4 2.5 0.055 ± 0.004 0.007 12.07 ± 0.9 1.5
59 276 14.08 ±0.9 1.8 28.32 ± 1.8 3.6 0.079 ± 0.005 0.010 17.27 ± 1.1 2.2
60 278 13.68 ±0.9 1.7 27.44 ± 1.8 3.5 0.077 ± 0.005 0.010 16.78 ± 1.1 2.1
61 280 19.24 ±1.1 2.1 39.58 ± 2.2 4.4 0.110 ± 0.006 0.012 23.59 ± 1.3 2.6
62 X282 18.04 ± 1.1 2.3 36.57 ± 2.2 4.6 0.102 ± 0.006 0.013 22.12 ± 1.3 2.8
63 304 13.24 ±0 .9 0.8 26.64 ± 1.7 1.7 0.074 ± 0.005 0.005 16.24 ± 1.0 1.0
64 306 26.10 ± 1.9 3.3 52.60 ± 3.7 6.6 0.147 ± 0.010 0.019 32.01 ± 2.3 4.0
65 308 18.56 ± 1.1 1.8 36.56 ± 2.2 3.5 0.103 ± 0.006 0.010 22.77 ± 1.4 2.2
66 310 16.92 ± 1.1 2.1 32.84 ± 2.1 4.1 0.092 ± 0.006 0.012 20.75 ± 1.4 2.6
67 312 24.46 ± 1.4 3.1 48.51 ± 2.8 6.1 0.136 ± 0.008 0.017 30.00 ± 1.7 3.8
68 314 16.30 ±1 .0 2.1 33.26 ± 2.1 4.2 0.092 ± 0.006 0.012 19.99 ± 1.3 2.5
69 316 16.13 ± 1.0 2.0 31.66 ± 2.0 4.0 0.089 ± 0.006 0.011 19.79 ± 1.3 2.5
70 318 9.21 ±0 .7 1.2 1 8 .4 5  ± 1.4 2.3 0.052 ± 0.004 0.006 11.29 ± 0.9 1.4
71 320 11.93 ±0.9 1.3 23.67 ± 1.7 2.6 0.066 ± 0.005 0.007 14.63 ± 1.1 1.6
72 346 10.25 ±0.7 1.3 20.23 ± 1.4 2.5 0.057 ± 0.004 0.007 12.57 ± 0.9 1.6
73 348 14.72 ± 1.0 1.9 28.84 ± 1.9 3.6 0.081 ± 0.005 0.010 18.05 ± 1.2 2.3
74 350 15.32 ± 1.0 1.9 30.53 ± 1.9 3.8 0.085 ± 0.005 0.011 18.79 ± 1.2 2.4
75 352 22.91 ± 1.3 2.9 45.83 ± 2.6 5.8 0.128 ± 0.007 0.016 28.09 ± 1.6 3.5
76 354 22.88 ± 1.3 2.9 45.87 ± 2.5 5.8 0.128 ± 0.007 0.016 28.06 ± 1.6 3.5
77 356 19.34 ± 1.2 2.4 38.68 ± 2.3 4.9 0.108 ± 0.007 0.014 23.71 ± 1.4 3.0
78 358 14.40 ±0.9 1.8 28.00 ± 1.8 3.5 0.079 ± 0.005 0.010 17.66 ± 1.2 2.2
79 360 16.63 ± 1.1 2.1 33.75 ± 2.1 4.3 0.094 ± 0.006 0.012 20.40 ± 1.3 2.6
80 362 16.30 ± 1.0 2.1 33.07 ± 2.1 4.2 0.092 ± 0.006 0.012 19.98 ± 1.2 2.5
81 388 7.00 ± 0.4 0.9 13.43 ± 1.4 1.7 0.038 ± 0.004 0.005 8.59 ± 0.9 1.1
82 390 26.39 ±2.7 3.3 54.59 ± 3.2 6.9 0.151 ± 0.009 0.019 32.36 ± 1.9 4.1
83 392 22.08 ±1 .3 2.8 44.34 ± 2.6 5.6 0.124 ± 0.007 0.016 27.08 ± 1.6 3.4
84 394 20.43 ± 1.2 2.6 40.49 ± 2.4 5.1 0.113 ± 0.007 0.014 25.05 ± 1.5 3.2
85 396 16.55 ± 1.0 2.1 32.70 ± 2.0 4.1 0.092 ± 0.006 0.012 20.30 ± 1.3 2.6
86 398 18.98 ± 1.2 2.4 37.91 ± 2.3 4.2 0.106 ± 0.006 0.012 23.28 ± 1.4 2.6
87 400 17.49 ± 1.1 1.9 34.80 ± 2.1 4.4 0.097 ± 0.006 0.012 21.46 ± 1.3 2.7
88 402 18.01 ± 1.1 2.3 36.50 ± 2.3 4.6 0.102 ± 0.006 0.013 22.09 ± 1.4 2.8
89 404 21.36 ± 1.3 2.7 43.47 ± 2.5 5.5 0.121 ± 0.007 0.015 26.20 ± 1.5 3.3
90 X430 11.06 ±0 .6 1.4 21.73 ± 1.8 2.4 0.061 ± 0.005 0.007 13.57 ± 1.1 1.5
91 432 16.01 ±0 .9 2.0 30.94 ± 1.8 1.9 0.087 ± 0.005 0.005 19.63 ± 1.2 1.2
92 434 25.47 ±2.1 2.8 51.62 ± 2.9 6.5 0.144 ± 0.008 0.018 31.24 ± 1.8 3.9
93 436 13.65 ±0.8 0.9 27.55 ± 1.9 3.5 0.077 ± 0.005 0.010 16.74 ± 1.2 2.1
94 438 20.40 ± 1.1 2.6 40.94 ± 2.4 4.5 0.114 ± 0.007 0.013 25.02 ± 1.5 2.8
95 440 18.01 ± 1.3 2.3 35.51 ± 2.2 4.5 0.100 ± 0.006 0.013 22.09 ± 1.3 2.8
96 442 17.56 ± 1.0 1.9 34.25 ± 2.1 4.3 0.096 ± 0.006 0.012 21.54 ± 1.3 2.7
97 444 20.97 ± 1.3 2.6 42.22 ± 2.5 5.3 0.118 ± 0.007 0.015 25.72 ± 1.5 3.2
98 446 20.77 ± 1.3 2.6 41.37 ± 2.4 5.2 0.116 ± 0.007 0.015 25.47 ± 1.5 3.2
99 X472 12.20 ±0 .7 1.5 23.00 ± 6.2 2.4 0.065 ± 0.018 0.007 14.96 ± 4.0 1.6
100 474 18.46 ± 1.1 2.3 36.37 ± 2.2 4.6 0.102 ± 0.006 0.013 22.64 ± 1.4 2.9
101 476 19.52 ± 1.2 2.5 39.07 ± 2.3 4.3 0.109 ± 0.006 0.012 23.94 ± 1.4 2.6
102 478 18.01 ±4.8 1.9 36.65 ± 2.2 4.6 0.102 ± 0.006 0.013 22.09 ± 1.4 2.8
103 480 20.12 ± 1.2 2.5 40.62 ± 2.3 2.6 0.113 ± 0.006 0.007 24.67 ± 1.4 1.6
104 484 18.59 ± 1.1 2.0 36.26 ± 2.2 4.6 0.102 ± 0.006 0.013 22.79 ± 1.4 2.9
105 486 19.88 ± 1.2 2.5 39.34 ± 2.4 5.0 0.110 ± 0.007 0.014 24.38 ± 1.5 3.1
106 488 18.67 ± 1.1 1.2 37.01 ± 2.0 4.7 0.104 ± 0.006 0.013 22.90 ± 1.2 2.9
107 508 14.78 ±0.8 0.9 28.25 ± 1.8 3.6 0.080 ± 0.005 0.010 18.13 ± 1.1 2.3
108 510 23.86 ± 1.5 3.0 48.17 ± 2.7 6.1 0.134 ± 0.008 0.017 29.26 ± 1.7 3.7
109 512 23.42 ± 1.4 2.9 47.32 ± 2.7 6.0 0.132 ± 0.008 0.017 28.72 ± 1.6 3.6
110 514 23.05 ± 1.3 2.9 46.09 ± 2.7 5.8 0.129 ± 0.008 0.016 28.26 ± 1.7 3.6
310
# Sample no. D Sutiitra S is te c RSeq (Bqikg) StâfeÎDS SjEfefs Hg SfetistiKl SiSirrâfc AEDE(pSv/year) StSÎStlEl S)Etinsfc
111 516 22.44 ± 1.4 2.8 44.97 ± 2.7 5.7 0.125 ± 0.008 0.016 27.52 ± 1.7 3.5
112 518 23.65 ±1.3 3.0 47.51 ± 2.7 6.0 0.132 ± 0.008 0.017 29.01 ± 1.7 3.7
113 520 16.96 ±1.0 2.1 32.96 ± 2.0 4.2 0.093 ± 0.006 0.012 20.80 ± 1.3 2.6
114 542 12.20 ±0.7 1.5 23.00 ± 6.2 2.4 0.065 ± 0.018 0.007 14.96 ± 4.0 1.6
115 544 18.34 ±1.1 2.3 36.83 ± 2.3 4.6 0.103 ± 0.006 0.013 22.50 ± 1.4 2.8
116 546 25.52 ±1.5 3.2 52.31 ± 2.9 6.6 0.145 ± 0.008 0.018 31.30 ± 1.7 3.9
117 548 21.48 ±1.3 2.7 42.98 ± 2.5 5.4 0.120 ± 0.007 0.015 26.34 ± 1.5 3.3
118 550 31.38 ±1.9 4.0 63.26 ± 4.6 10.0 0.176 ± 0.013 0.028 38.49 ± 2.8 6.1
119 552 18.58 ±5.0 2.0 37.21 ± 2.3 4.7 0.104 ± 0.006 0.013 22.79 ± 1.4 2.9
120 554 16.77 ±1.0 2.1 31.33 ± 2.1 3.9 0.089 ± 0.006 0.011 20.57 ± 1.4 2.6
121 X574 30.60 ±1.7 3.9 60.62 ± 3.5 7.6 0.170 ± 0.010 0.021 37.53 ± 2.2 4.7
122 576 19.06 ± 1.1 2.4 38.30 ± 2.3 4.9 0.107 ± 0.006 0.014 23.38 ± 1.4 3.0
123 578 18.61 ±1.3 2.9 37.56 ± 2.3 4.7 0.105 ± 0.006 0.013 22.83 ± 1.4 2.9
124 580 16.46 ±1.0 2.1 30.19 ± 5.5 3.8 0.086 ± 0.016 0.011 20.18 ± 3.7 2.5
125 582 21.92 ±1.5 2.8 43.82 ± 2.5 4.8 0.122 ± 0.007 0.013 26.89 ± 1.5 3.0
126 584 16.73 ±1.0 2.1 30.63 ± 2.2 3.9 0.088 ± 0.006 0.011 20.51 ± 1.4 2.6
127 608 16.29 ±1.0 2.1 31.74 ± 2.0 4.0 0.089 ± 0.006 0.011 19.97 ± 1.3 2.5
128 610 24.61 ±1.5 3.1 50.04 ± 3.2 6.3 0.139 ± 0.009 0.018 30.18 ± 1.9 3.8
129 612 16.72 ±1.2 2.1 30.72 ± 2.2 3.9 0.088 ± 0.006 0.011 20.50 ± 1.5 2.6
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# Sample no. D (nGyfh) Stat S\5t (Bq/kg) Stet Swt sta S\5t AEDE{pSv/year) Skt
1 1-X-228 18.51 1.2 2.0 36.05 ± 2.3 3.9 0.101 + 0.007 0.011 22.70 + 1.5 2.5
2 2-X-228 17.55 1.1 1.9 33.85 ± 2.1 3.6 0.096 + 0.006 0.010 21.53 + 1.3 2.3
3 3-X-228 18.23 1.1 1.5 36.19 ± 2.1 3.0 0.101 + 0.006 0.008 22.36 + 1.3 1.8
4 4-X-228 13.77 2.6 1.5 27.89 ± 5.2 3.0 0.078 + 0.014 0.008 16.88 + 3.1 1.8
5 5-X-228 19.46 1.2 2.1 39.64 + 2.4 4.2 0.110 + 0.007 0.012 23.86 + 1.4 2.5
6 6-X-228 25.61 1.5 2.7 5291 ± 3.1 5.6 0.146 + 0.008 0.015 31.40 + 1.8 3.3
7 7-X-228 19.55 1.7 2.4 39.52 + 3.3 4.8 0.110 + 0.009 0.013 23.98 + 2.0 2.9
8 8-X-228 20.42 1.2 2.2 41.92 + 2.5 4.5 0.116 + 0.007 0.012 25.04 + 1.5 2.7
9 9-X-228 16.03 1.1 1.8 32.89 ± 2.4 3.7 0.091 + 0.007 0.010 19.66 + 1.4 2.2
10 10-X-228 10.43 0.7 1.1 20.76 ± 1.5 2.3 0.058 + 0.004 0.006 12.79 + 0.9 1.4
11 11-X-228 14.35 1.0 1.6 28.41 ± 1.9 3.1 0.080 + 0.005 0.009 17.59 + 1.2 1.9
12 12-X-228 11.03 0.8 1.2 22.17 + 1.7 2.5 0.062 + 0.005 0.007 13.53 + 1.0 1.5
13 13-X-228 21.97 1.3 23 44.20 + 2.6 4.7 0.123 + 0.007 0.013 26.95 + 1.6 2.8
14 14-X-228 24.26 1.4 26 49.97 + 2.9 5.3 0.139 + 0.008 0.015 29.75 + 1.8 3.1
15 15-X-228 18.70 1.2 2.0 38.09 + 2.4 4.1 0.106 + 0.007 0.011 22.94 + 1.5 2.5
16 16-X-228 11.61 0.9 1.3 22.92 + 1.7 2.6 0.064 + 0.005 0.007 14.24 + 1.1 1.6
17 17-X-228 22.11 1.2 1.8 43.78 + 2.5 3.6 0.123 + 0.007 0.010 27.11 + 1.5 2.2
18 18-X-228 17.94 1.1 1.9 36.48 + 2.3 3.9 0.101 + 0.006 0.011 22.00 + 1.4 2.4
19 19-X-228 22.35 1.3 2.4 45.27 + 2.6 4.8 0.126 + 0.007 0.013 27.42 + 1.6 2.9
20 20-X-228 19.49 1.2 2.1 37.55 + 2.3 4.1 0.106 + 0.007 0.011 23.91 + 1.5 2.6
21 21-X-228 23.81 1.4 2.5 48.28 + 2.8 5.1 0.134 + 0.008 0.014 29.19 + 1.7 3.1
22 22-X-228 22.56 1.3 2.4 45.61 + 2.7 4.8 0.127 + 0.008 0.013 27.67 + 1.6 2.9
23 23-X-228 27.08 2.2 2.9 59.93 + 4.9 6.4 0.164 + 0.013 0.017 33.21 + 27 3.5
24 24-X-228 19.38 1.2 2.1 38.37 + 2.4 4.1 0.108 + 0.007 0.012 23.77 + 1.5 2.6
25 25-X-228 21.28 1.3 2.3 42.83 + 2.6 4.6 0.119 + 0.007 0.013 26.10 + 1.6 2.8
26 26-X-228 2269 1.4 2.4 46.12 + 2.8 4.9 0.128 + 0.008 0.014 27.83 + 1.7 3.0
27 27-X-228 29.52 2.2 3.3 64.89 + 4.8 7.3 0.178 + 0.013 0.020 36.20 + 2.7 4.1
28 28-X-228 20.57 1.3 2.2 42.14 + 2.6 4.5 0.117 + 0.007 0.013 25.23 + 1.6 2.7
29 29-X-228 160.27 12 18 367.52 + 26.4 41.5 0.997 + 0.072 0.113 196.55 + 14 22
30 30-X-228 28.10 1.5 2.6 57.74 + 3.2 5.4 0.160 + 0.009 0.015 34.46 + 1.9 3.2
31 31-X-228 22.82 1.3 24 47.47 + 2.8 5.0 0.131 + 0.008 0.014 27.98 + 1.6 2.9
32 32-X-228 20.98 1.3 2.3 41.98 + 2.6 4.5 0.117 + 0.007 0.013 25.73 ± 1.6 2.8
33 33-X-228 16.04 1.0 1.5 31.80 + 2.0 3.1 0.089 + 0.006 0.009 19.67 + 1.2 1.9
34 34-X-228 23.51 1.3 2.2 48.05 + 2.7 4.5 0.133 + 0.007 0.012 28.83 + 1.6 2.7
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